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The  idea  of  planar  tetracoordinate  carbon  ( ptC )  was  considered 
implausible  for  a  hundred  years  after  1874.  Examples  ofptC  were  then 
predicted  computationally  and  realized  experimentally.  Both  elec¬ 
tronic  and  mechanical  (e.g.,  small  rings  and  cages)  effects  stabilize 
these  unusual  bonding  arrangements.  Concepts  based  on  the  bonding 
motifs  of  planar  methane  and  the  planar  methane  dication  can  be 
extended  to  give  planar  hypercoordinate  structures  of  other  chemical 
elements.  Numerous  planar  configurations  of  various  central  atoms 
(main- group  and  transition-metal  elements )  with  coordination 
numbers  up  to  ten  are  discussed  herein.  The  evolution  of  such  planar 
configurations  from  small  molecules  to  clusters ,  to  nanospecies  and  to 
bulk  solids  is  delineated.  Some  experimentally  fabricated  planar 
materials  have  been  shown  to  possess  unusual  electrical  and  magnetic 
properties.  A  fundamental  understanding  of  planar  hypercoordinate 
chemistry  and  its  potential  will  help  guide  its  future  development. 

i.  Introduction 


Non-classical  molecules[1]  with  atypical  geometries  and 
exotic  electronic  structures  enrich  chemical  bonding  theory 
and  offer  the  potential  for  novel  applications  owing  to  their 
exceptional  electronic,  magnetic,  and  optical  properties. 
Molecules  with  planar  tetracoordinate  carbon  are  seminal 
examples. 

Although  A.  W.  von  Hofmann’s  beautiful  mechanical 
model  of  planar  methane  from  1860  is  still  applicable,  the 
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tetrahedral  preference  of  tetracoordinate  carbon,  deduced  by 
van’t  Hoff[3]  and  Le  Bel[4]  independently,  has  been  a  basic 
structural  principle  of  organic  and  biological  chemistry  since 
1874.  But  what  was  not  fully  appreciated  at  that  time  is  the 
remarkably  large  extent  to  which  the  tetrahedral  model  is  true 
quantitatively.  The  energy  associated  with  planar  tetracoor¬ 
dinate  deformation  is  enormous !  A  century  passed  and  over 
a  million  molecules  had  been  characterized  before  such 
planar  configurations  were  discovered. 


Hans  Wynberg,  the  first  modern  chemist  who  kindled 
interest  in  planar  tetracoordinate  carbon,  is  the  unsung  hero 
of  this  development.  Wynberg  was  concerned  by  the  fact  that 
the  CR4R2R3R4  hydrocarbons  (with  four  different  alkyl 
groups)  that  his  Groningen  group  had  synthesized  by  chiral [*] 
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routes  did  not  have  measurable  optical  activity. [5]  While  this 
probably  was  due  to  the  similarity  of  the  alkyl  ligands, 
Wynberg  wanted  to  rule  out  the  seemingly  unlikely  possibility 
of  thermal  racemization.  As  the  barrier  heights  for  such 
stereomutation  were  unknown,  Wynberg  employed  his  pow¬ 
erful  personality  to  persuade  theoreticians  to  compute 
examples.  The  resulting  papers  he  inspired,  including  those 
by  his  Dutch  colleague,  Hendrik  Monkhorst,  who  led  the  way 
in  1968,[6]  as  well  as  by  the  Roald  Hoffmann1 [7]  and  the  Pople- 
Schleyer[8]  groups,  acknowledge  Wynberg’s  influence. 
Although  the  theoretical  levels  available  to  them  were 
crude  by  today’s  standards,  Monkhorst’s  very  large  computed 
relative  energy  of  planar  methane  ruled  it  out  as  a  possibility.^ 
High  ab  initio  levels  verified  this  conclusion  later  (see 
Scheme  4  in  Section  2).[8,9] 

Monkhorst’s[6]  interconversion  pathways  of  methane 
enantiomers  with  hypothetical  asymmetric  carbon  atoms 


(without  breaking  bonds)  are  reproduced  in  Scheme  1.  His 
goal  was  not  to  find  a  planar  tetracoordinate  carbon  (ptC) 
minimum;  instead,  he  pointed  out  that  the  stereomutation  of 
methane  via  a  ptC  seems  quite  impossible.  The  tetrahedral 
tetracoordinate  carbon  (ttC)  configuration  is  very  rigid  and 
the  energy  difference  (ca.  130  kcalmol-1)  between  ttC  (Td) 
and  ptC  ( D4h )  is  extremely  high,  even  higher  than  the 
dissociation  energy  (ca.  103  kcalmol-1)  of  a  methane  C— H 
bond.[10]  The  challenge  of  ptC  chemistry  is  to  find  ways  to 
overcome  such  huge  interconversion  barriers  and  to  stabilize 
planar  configurations. 

Roald  Hoffmann,  along  with  colleagues  Roger  Alder  and 
Charles  Wilcox  (together  abbreviated  to  HAW),  were  the 
next  to  address  Wynberg’s  problem.  However,  their  stated 
goal  was  not  (as  is  often  misreported)  to  find  a  ptC,  but  rather 
to  consider  “how  to  stabilize  a  planar  geometry  so  that  it 
could  serve  as  a  thermally  accessible  transition  state  for 
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Scheme  i.  Monkhorst’s  possible  exchange  pathways  of  tetrahedral 
carbon  enantiomers  illustrated  by  showing  the  relationship  among 
hypothetical  ligands  around  the  chiral  central  carbon  atom.  (Reprinted 
with  permission  from  Ref.  [6],  Copyright  1968  The  Royal  Society  of 
Chemistry).  Scheme  2  lists  the  high-level  theoretical  data  for  compar¬ 
ison. 


a  classical  racemization  experiment”  to  ascertain  ways  to 
reduce  the  ptC  stereomutation  barriers.  None  of  their 
extended  Hiickel  theory  (EHT)  computations  on  prospective 
model  compounds  (e.g.,  those  employing  ring  strain)  came 
anywhere  close  to  having  a  ptC  minimum,1 [7]  HAW  concluded, 
“it  would  seem  too  much  to  hope  for  a  simple  carbon 
compound  to  prefer  a  planar  to  a  tetrahedral  structure.” 
Nevertheless,  this  paper  (and  Hoffmann’s  subsequent  account 
of  the  work  in  Pure  and  Applied  Chemistry )[7]  had  enormous 
influence.  HAW’s[7a]  1970  breakthrough  was  the  insightful 
analysis  of  ptC  bonding  in  hypothetical  planar  methane.  They 
suggested  strategies  to  stabilize  ptCs  electronically,  for 
example,  stabilizing  its  lone  pair  by  Jt-acceptor  substituents, 
and  its  electron-deficient  bonding  by  o-donors. 

Hans  Wynberg  next  convinced  Paul  Schleyer,  during  his 
many  visits  to  Groningen,  to  undertake  the  ptC  search. 
Schleyer’s  initiation  to  ab  initio  computations  under  John 
Pople’s  tutelage  already  had  begun  in  the  late  1960s.  The 
challenge  of  finding  ptCs  by  systematic  investigations  in 
collaboration  with  Pople  using  his  Gaussian  70  program  was 
irresistible.  But  computer  time  was  severely  limited  in  those 
days. 

The  opportunity  came  during  Schleyer’s  1974-1975  sab¬ 
batical  year  in  Munich  which  he  spent  there  with  many 
members  of  his  research  group,  including  Eluvathingal 
Jemmis  and  Yitzhak  Apeloig  (both  later  become  Presidents 
of  Universities).  Rolf  Huisgen  kindly  arranged  access  to 
Bavarian  computational  facilities,  which  afforded  the  use  of 
the  ab  initio  Gaussian  70  program  to  explore  ptC  candidates 
by  employing  Pople-Schleyer[8]  systematic  surveys  of  com¬ 
prehensive  sets  of  molecules. 

At  George  Olah’s  suggestion,  small  rings  were  added  to 
HAW’s  ptC-promoting  o-donor/ jt-acceptor  substituents  strat¬ 
egies;  this  led  to  the  discovery  of  the  first  molecule  computed 
to  have  a  ptC  minimum,  1,1-dilithiocyclopropane  (Figure  1  a). 
As  a  consequence  of  this  landmark  achievement,  Schleyer’s 
and  other  research  groups  have  been  pursuing  planar  hyper¬ 
coordinate  chemistry  ever  since. 

A  comprehensive  high-level  theoretical  investigation  of 
CH4  in  1995[9]  characterized  its  potential-energy  surface 


Figure  i.  a)  1,  1  -dilithiocyclopropane,  the  first  ptC  molecule  predicted 
by  calculation  in  1976;  b)  the  vanadium  2,6-dimethoxyphenyl  complex, 
the  first  ptC  compound,  synthesized  in  1977. 


Scheme  2.  Correlation  diagrams  with  Td  CH4  and  C4„  CH4.  (Reprinted 
with  permission  from  ref.  [9],  Copyright  1995  Wiley-VCH.) 


definitively  (Scheme  2;  see  also  Scheme  1),  and  provided 
valuable  information  for  the  understanding  of  planar  tetra- 
coordinate  carbon  energetics.  Neither  the  unstable  D4h  nor 
the  C2v  planar  CH4  geometries  are  minima  or  even  transition 
states,  but  rather  are  higher  order  saddle  points  (see  Scheme  4 
in  Section  2). 

Although  not  recognized  by  the  original  authors,  the  first 
experimental  example  of  a  carbon  with  planar  tetracoordi- 
nation  was  reported  in  the  X-ray  structure  of  a  vanadium  2,6- 
dimethoxyphenyl  complex  (Figure  lb)  in  1977. [11]  Numerous 
compounds  with  ptCs  have  been  characterized  experimen¬ 
tally  as  well  as  theoretically  ever  since.  Significant  progress  in 
this  “flatland”  has  been  made  in  the  last  four  decades;  many 
interesting  planar  motifs  with  exotic  geometries  and  unusual 
chemical  bonding  have  been  predicted  theoretically  and/or 
observed  experimentally.  This  Review  extends  earlier 
Reviews  of  this  research  area[12]  substantially. 

This  Review  covers  the  past  44  years  of  progress  in  planar 
hypercoordinate  chemistry  of  carbon  and  other  main-group 
elements  and  transition  metals.  Since  the  highest  planar 
coordination  of  carbon  is  usually  three  (e.g.,  in  alkenes, 
arenes,  etc.),  planar  carbon  attachment  to  four  (or  more) 
atoms  in  the  same  plane  is  considered  to  be  “planar  hyper¬ 
coordination.”  Similar  definitions  are  applied  to  other  ele¬ 
ments.  All  types  of  planar  hypercoordinated  species  including 
molecules,  ions,  clusters,  nanotubes,  nanosheets,  nanoribbons, 
and  bulk  assemblages  are  included.  The  experimental  real¬ 
izations  of  planar  motifs  and  potential  applications  of  planar 
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species  are  emphasized.  The  mechanical  and  electronic 
strategies  as  well  as  the  electron-counting  rules  used  to 
design  and  help  achieve  planar  configurations  are  explained, 
and  the  relationships  of  aromaticity  and  antiaromaticity  to 
planar  motifs  are  clarified.  We  hope  to  achieve  a  fundamental 
understanding  of  planar  hypercoordination  that,  along  with 
the  numerous  known  and  possible  examples,  will  help  dispel 
its  seemingly  exotic  character.  For  simplicity,  compounds  are 
identified  by  their  Figure  number;  for  example,  la  denotes 
the  structure  presented  as  (a)  in  Figure  1. 

2.  How  to  Achieve  Planar  Tetracoordinate  (Hyper¬ 
coordinate)  Carbon 

Strategies  favoring  ptC  arrangements  were  suggested  by 
HAW  based  on  an  analysis  of  the  electronic  structure  of 
simple  D4h  planar  methane.  This  analysis  revealed  its  two 
unfavorable  features:  1)  the  non-bonding  p-jt  lone  pair  on  the 
central  carbon  is  “wasted”  akin  to  that  in  the  methyl 
carbanion,[13]  which  also  prefers  pyramidal  distortion,  and 
2)  the  o  electron  deficiency  for  the  four  in-plane  CH  bonds  of 
D4h  methane.  Consequently,  the  energy  of  an  imposed  square- 
planar  methane  structure  is  very  high,  approximately  130  kcal 
mol-1  relative  to  that  of  the  tetrahedral  global  minimum. [9] 
Since  the  C— H  bond  dissociation  energy  of  methane  is  only 
103.2  kcal  mol-1, [14]  tetrahedral  methane  prefers  to  undergo 
cleavage  of  a  C— H  bond  to  deformation  into  its  planar,  D4h- 
symmetric  form.  Nevertheless,  planar  tetracoordinate  carbon 
arrangements  in  other  molecules  can  be  stabilized  mechan¬ 
ically  (by  strain  effects),  electronically  (by  appropriate 
substituents),  or  by  using  both  strategies  simultaneously. 

The  mechanical  approach  employs  small-ring  strain  and / 
or  an  annulene  perimeter  or  cylindrical  cage  or  tube,  to  force 
the  central  carbon  atom  to  be  planar. [7b,12]  Initially,  the 
fenestranes  (e.g.  2  a,  Figure  2)  and  the  aromatic  unsaturated 


Figure  2.  Schematic  presentations  of  various  mechanically  stabilized 
ptC  molecules. 

fenestrenes  (e.g.  2  b)  were  proposed  as  promising  organic  ptC 
candidates.  Although  no  ptC  compound  was  found  later  in 
line  with  this  thinking,  their  study  led  to  “fenestrane 
chemistry  ”.[15]  Another  approach  (only  explored  computa¬ 
tionally)  positions  a  carbon  atom  at  the  center  of  a  rigid  three- 
dimensional  cage,  such  as  octaplane  (2c).[12c,16]  Many  attempts 
failed  to  achieve  ptC  in  alkaplanes  (including  octaplane 
(2d),[12c,16]  which  closely  approaches  having  a  ptC  minimum), 
until  Rasmussen  and  Radom  finally  computed  the  first 
successful  example,  dimethanospiro  [2,2]  octaplane,  (2e),  by 
further  modifying  the  “alkaplane”  cage  (2d)  by  adding 
“buttresses”. [12c,17] 


HAW’s  electronic  approach  involves  substituents  func¬ 
tioning  as  strong  in-plane  a  donors  and  out-of-plane  jt  accep¬ 
tors,  which  compensate  the  deficiency  of  o  bonding  electrons 
and  stabilize  the  energetically  unfavorable  jt  lone  pair.[7a]  In 
the  extreme  case,  the  lone  pair  can  be  entirely  removed  (as  in 
the  planar  methane  dication). [18]  Alternatively,  jt  acceptors 
can  be  used  to  delocalize  the  single  jt  electron  remaining  in 
the  corresponding  radical  cation  (after  removing  only  one 
electron.) 

Using  HAW’s  “electronic”  strategy,  many  ptC  compounds 
have  been  characterized  both  theoretically  and  experimen¬ 
tally. [7a,12]  In  accord  with  HAW’s  extended  Hiickel  molecular 
orbital  (EHMO)  computations  showing  the  planar  methane 
HOMO  to  be  a  nonbonding  lone  pair  in  a  perpendicular 
carbon  jr-orbital,  analogous  electronic  structures  also  were 
found  in  many  ptC  compounds,  such  as  la  and  Radom  and 
coworkers’  alkaplanes  2e  (Figure  3).[12c,16,17] 


Figure 3.  An  isosurface  showing  the  jt  HOMO  of  2e.[17]  (Reprinted 
with  permission  from  Ref.  [17],  Copyright  1999  WILEY-VCH.) 


However,  Siebert  and  Gunale  have  noted  that  genuine 
planar  methane  derivatives  whose  central  carbon  atom  is 
indeed  stabilized  by  o  donors  and  jt  acceptors  are  rare  in  the 
largest  class  of  ptC  molecules  found  experimentally — organ- 
ometallic  compounds.  “In  most  cases  investigated,  the  mode  of 
stabilization  is  different  from  that  predicted  for  planar  CH4. 
Very  often  the  delocalization  of  jt  electron  density  does  not 
play  a  role  in  stabilization  of  the  geometry,  as  sufficient  density 
is  already  distributed  into  the  tc  system  of  the  arene  or 
olefin. ”[12e] 

Moreover,  HAW’s  planar  methane  model  does  not 
succeed  with  its  isoelectronic  analogues.  Although  planar 
CH4,  and  NH4+  have  JT-type  HOMOs,  the  other  ZH4  (BH4- , 
A1H4-,  SiH4,  PH4+)  molecules  prefer  o-type  HOMOs.  The 
electronic  configuration  is  determined  by  the  central  atom’s 
electronegativity.  Species  with  jt  HOMOs  are  stabilized  by  jt- 
acceptor  and/or  o-donor  groups,  for  example,  electropositive 
substituents. [19]  In  contrast,  species  with  a  HOMOs  require  jt- 
donor  and/or  o-acceptor  groups  such  as  OR,  NR2,  and  F  for 
stabilization.^  In  addition,  strong  ligand-ligand  bonding  was 
first  employed  by  Schleyer  and  Boldyrev  to  achieve  the  planar 
tetracoordinate  geometries  of  4a-f  (with  five  atoms  being  the 
smallest  possible  number;  Figure  4).[20]  When  the  O  atom  is 
embedded  in  the  ring  (A140,  4  a),  the  main  contributor  to  the 
HOMO  is  the  oxygen  lone-pair  electrons  (conforming  with 
the  HAW  planar  methane  concept,  Scheme  3),  which  are 
delocalized  to  the  perimeter  (Figure  5,  left).  In  contrast,  when 
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Figure  4.  Five-atom  planar  tetracoordinate  structures,  a)  Al40, 
b)  Al4N  ,  c)  NAl3Si,  d)  cis- CAl2Si2,  e)  trams- CAl2Si2,  f)  BAISi3  computa¬ 
tionally  predicted  by  the  Schleyer-Boldyrev  design  principle;[20]  later 
extended  to  g)  cis- CSi2Ga2,  h)  trams- CSi2Ga2,  i)  c/s-CGe2Al2,  j)  trams- 
CGe2Al2;[24a]  k)  CAI4-,[21]  I)  salt  Na+(CAI4)2- [22]  m)  CAI5“  (i.e.,  Al+- 
(CAl4)2-),[27]  n)  CAl3Si  ,[23]  o)  CAl3Ge^,[23]  p)  Al5",[24b]  q)  SiAl4-,[24c] 
r)  GeAl4“,[24c]  s)  Al5l\T  (together  with  Al4l\T).[28]  Among  these  struc¬ 
tures,  4b  and  4k-s  were  detected  experimentally  using  photoelectron 
spectroscopy  by  the  Wang  and  Boldyrev  groups. 


1970  Hoffmann,  Alder,  Wilcox 
(Based  on  planar  CH4) 


Use  rc-acceptor  substituents 
Use  c-donor  substituents, 
eg.  BH2,  SiH3,  Li 


Scheme 3.  Two  different  models 


2000  Exner,  Wang,  Schley er 
(Based  on  planar  CH42+) 


Use  7t-donor  substituents 
Provide  a  good  alternative  MO 
for  the  extra  electrons 
Apply  to  higher  planar  hypercoordi¬ 
nation  (penta,  hexa,  hepta) 

achieve  ptC 


/||z 

A140  AlSi3B 

Figure  5.  Diagram  of  the  jt-MO  of  Al40  and  AlSi3B. 


the  central  atom  is  B  (BAlSi3,  4  f),  since  the  central  boron  has 
only  a  vacant  p  orbital  initially,  p  electrons  from  the  perimeter 
atoms  flow  in  to  form  the  jt  orbital  (Figure  5,  right),  and  the 
resulting  HOMO  is  dominated  by  the  perimeter  atoms  (this 


follows  the  planar  methane  dication  model  of  Scheme  3). 
Eighteen  valence  electrons  are  necessary  to  fill  the  bonding 
orbitals  completely.  The  general  Schleyer-Boldyrev  strategy 
of  strong  perimeter  bonding  has  been  extensively  developed 
further  by  Boldyrev  and  Wang.  They  have  computed  various 
planar  molecules  (including  CA14“,[21]  (Na+)(CA142_),[22]  and 
CAl3Xq  (X  =  Si,  Ge;  q  =  —  1,  0))[23]  and  have  verified  some 
experimentally  (4b,  4k-s).[21-24]  They  have  predicted  a  series 
of  isoelectronic  substituted  planar  species  (with  general 
formula  XY4,  X  is  Group  IVa;  Yis  Group  Ilia). [25]  The 
pentatomic  planar  tetracoordinate  carbon  shown  in  Figure  4 
is  an  important  prototype  of  planar  motifs  which  are 
stabilized  solely  by  electronic  factors.  Many  subsequent 
studies  on  pentaatomic  planar  molecules  with  different 
central  elements  and  peripheral  ligands  involve  same-group 
element  substitution  and  isoelectronic  systems. [25a,26] 

Removal  of  the  ptC  lone-pair  electrons  helps  planarize 
the  central  carbon  arrangement.  As  shown  in  Scheme  3, 
CH42+,  the  simplest  ptC  species,  prefers  to  be  planar  because 
the  perpendicular  carbon  jt  orbital  is  vacant.  The  six  valence 
electrons  in  CH42+  bind  best  in  planar  sp2  hybridization  (as  in 
CH3+).[18]  Moreover,  the  planar  methane  radical  cation  is  only 
modestly  less  stable  than  its  tetrahedral  alternatives  (see 
Scheme  4).[29]  Thus,  planar  CH42+  provides  a  new  design 
principle  for  ptC  molecules,  and  may  be  a  better  model  than 
planar  methane  for  this  purpose. [30]  As  this  Review  shows, 
successful  examples  of  ptC  and  planar  hexacoordinate  carbon 
(phC)  compounds  generally  lack  jt  electrons  at  the  planar 
carbon  sites. 


rd 

Minimum 

AE=0.0 


Scheme  4.  Planar  versus  Td  configurations  of  CH4,  CH4+,  and  CH42+ 
(B3LYP/6-311  +  G**  +  ZPE,  energy  values  in  kcal  mol_1).[30]  (Reprinted 
with  permission  from  Ref.  [30],  Copyright  2002  American  Chemical 
Society.) 
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3.  Designing  ptC  Compounds  using  New  Principles 
3.7.  PtCs  Based  on  the  Planar  Methane  Dication  Model 

Owing  to  the  ionic  character  of  its  bonding,  lithium 
prefers  bridging  positions  and  the  structures  of  lithium 
compounds  often  do  not  follow  classical  considerations. [31] 
In  addition  to  the  first  computed  ptC  compound  (la),  several 
ptC  species  were  predicted,  such  as  C6Li6  ( D6h )  6a[32]  and  6  b 
(Figure  6).  The  ptC  predicted  in  1981  for  the  isolated  dimer  in 


Figure  6.  Theoretically  predicted  (a  and  b)  and  experimentally  veri¬ 
fied  (c)  lithium-based  ptC  compounds.  Note  that  later  work  has 
revealed  that  the  lowest  energy  configuration  of  C6Li6  is  not  flat.[34]  ((b) 
and  (c)  reprinted  with  permission  from  Ref.  [33],  Copyright  1988 
American  Chemical  Society.) 


6b  was  verified  experimentally  in  1988[33]  with  the  crystal 
structure  of  (2,6-dimethoxyphenyl)  lithium  tetramer,  6  c, 
which  comprises  two  interacting  dimer  units.  Later  work[34] 
has  revealed  that  the  lowest  energy  configuration  of  C6Li6  is 
not  flat,  and  is  different  than  the  predicted  flat  structure  6  a. 

By  utilizing  the  strong  bridging  proclivity  of  lithium  to 
heteroatoms,  as  well  as  its  strong  electron-donating  ability, 
a  series  of  ptC  compounds  can  be  prepared. [35]  The  ptC 
arrangement  in  1,1-dilithiocyclopropane  (la)  is  due  to  the 
combination  of  electronic  and  strain  (bond  angle)  effects.  The 
CH2  groups  in  1,1-dilithiocyclopropane  can  be  replaced  by  the 
more  electronegative  but  isoelectronic  groups  NH  (7  a)  and  O 
(7  b;  Figure  7).  Embedding  7  a  into  a  heterocyclic  system  (7  c), 
or  further  fusion  of  a  benzene  ring  (7  d)  leads  to  more  feasible 


Figure  7.  Computationally  predicted  dilithium  ptC  compounds!351  The 
bond  lengths  are  given  in  A.  C  gray,  H  white,  N  blue,  O  red,  Li  lilac. 


synthesis  targets,  because  both  7  c  and  7  d  can  take  advantage 
of  the  aromaticity  of  imidazole. 

To  some  extent,  the  electronic  structures  of  7a-d  are 
similar  to  those  of  the  related  carbenes,  for  example,  7e, 
rather  than  the  usual  ptC  compounds,  such  as  la.  They  have 
no  p  lone  pair  located  on  the  ptC  carbon  with  p-jt  occupancy 
less  than  1.0  e,  in  comparison  with  that  (1.72  e)  in  la.  The 
strong  ionic  interactions  between  lithium  atoms  and  the 
central  carbon  atoms  in  la  decrease  significantly  in  7a-d 
owing  to  the  smaller  charge  on  the  quaternary  carbon  atoms, 
but  are  compensated  by  the  ionic  interactions  between  the 
lithium  atoms  and  the  adjacent  nitrogen  (in  7a,  7c  and  7d)  or 
oxygen  (in  7  b)  atom. 

Recently,  beryllium  substituents  have  been  successfully 
used  to  stabilize  the  ptC  molecules,  although  they  are  not 
good  jt  acceptors.  This  stabilization  has  been  demonstrated  by 
a  class  of  ptC  species  (8a-k;  Figure  8)  based  on  C(BeH)4 
computationally  predicted  by  Wang  and  co-workers. [36] 


B(D2h)  b(C2v)  c(C2v) 


f(C2v)  g  (C2v)  h  (C2v) 


Figure  8.  Lowest  energy  configurations  of  ptC  species  obtained  by 
beryllium-based  substituents.  The  unlabeled  red,  black,  and  white  balls 
represent  beryllium,  carbon,  and  hydrogen  atoms,  respectively. 
(Reprinted  with  permission  from  Ref.  [36],  Copyright  2009  American 
Chemical  Society.) 


Radom’s  group[16]  designed  a  family  of  alkaplane  mole¬ 
cules  (for  example,  spirooctaplane,  2  c)  which  constrain  the 
ptC  candidate  in  hydrocarbon  cages.  Although  approaching 
a  planar  C(C)4-type  ptC  more  closely  than  ever  before,  such 
“mechanical”  designs  without  “electronic”  assistance  must 
struggle  to  overcome  the  enormous  strain  of  a  ptC  with 
a  jt  lone-pair  HOMO.  More  buttresses  are  needed  to  achieve 
planarity  (for  example,  in  dimethanospiro[2,2]octaplane  2e). 
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As  noted  by  Radom  and  co-workers,1 [17]  2e  is  a  minimum  at 
the  potential  energy  curve  calculated  at  MP2/6-311  +  G(2d,p) 
level  but  not  quite  so  at  B3LYP/6-311  +  G(3df,  2p)  level.  It 
was  later  found  that  2e  has  a  279i  cm-1  imaginary  frequency 
at  B3LYP/6-31G*.[30]  Note  that  both  2c  and  2e  have  lone-pair 
HOMOs  (Figure  3),  which  conforms  to  the  HAW  planar 
methane  model,  but  is  not  favorable  for  the  ptC  arrangement. 

One  way  to  achieve  a  ptC  based  on  these  compounds  is  to 
remove  the  lone-pair  electrons  completely  from  the  HOMO, 
which  follows  our  planar  CH42+  example.  For  example,  the 
spirooctaplane  dication,  2c2+  is  a  minimum  in  D2h  symmetry, 


LUMO  HOMO  HOMO-7 

Vacant  C(pJ  BBBB  Perimeter  CB  Hyperconjugation 

Figure  9.  Octaboraplane  and  its  key  molecular  orbitals. [10]  The  bond 
lengths  are  given  in  A. 


and  the  jt  orbital  on  the  central  carbon  is  the  LUMO  rather 
than  the  HOMO.  Following  the  CH42+  model,  a  family  of 
neutral  compounds  called  boraplanes  (e.g.  9  Figure  9)  was 
prepared. [10]  The  central  carbon  p  orbital  in  9  is  formally 
vacant  and  is  the  LUMO,  rather  than  the  HOMO.  The  two 
“missing”  electrons  are  accommodated  in  an  energetically 
more  favorable  orbital,  the  4c-2e  BBBB  perimeter  HOMO. 

To  achieve  more  challenging  C(C)4-type  ptC  arrange¬ 
ment,  Wang  and  Schleyer  developed  “charge-compensation 
principle  ”.[30]  Exemplified  by  lOa-j  (Figure  10),  this  principle 
uses  two  formal  anionic  -BH2-  groups  to  compensate  the 
formal  double  positive  charges  on  the  ptC.  In  these  com¬ 
pounds,  the  ptC  Jt  orbitals  are  the  LUMOs.  The  “missing” 
electrons  are  utilized  effectively  for  bonding.  The  HOMO  of 
10  b  (shown  in  Figure  11)  is  an  example.  As  a  simple  extension 
of  Wang  and  Schleyer’s  principle,  in  2009,  Wang[37]  predicted 
several  unsaturated  pure  and  boron-substituted  hydrocarbons 
containing  a  perfectly  planar  tetracoordinate  carbon  by 
means  of  a  combined  scheme:  stabilized  mechanically 
through  the  strain  of  a  rigid  cage  framework,  and  electroni¬ 
cally  through  the  electron  delocalization  in  a  three-dimen¬ 
sional  Jt-conjugated  system. 


Figure  n.  The  HOMO[30]  of  10b.  (Reprinted  with  permission  from 
Ref.  [30],  Copyright  2002  American  Chemical  Society.) 


(f)  C19B2H20  (C2h)  (g)  C21B2H24  (Cvi)  (h)  C23B2H28  (C2h)  (i)  C19B2H24-  (Cm)  (j)  C21B2H28-  (C2h) 


Figure  10 .  The  calculated  ptC  motifs  (a)-(j)  using  Wang-Schleyer’s  charge-compensation  principle. [30]  The  bond  lengths  are  given  in  A.  (Reprinted 
with  permission  from  Ref.  [30],  Copyright  2002  American  Chemical  Society.) 
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In  contrast  to  the  alkaplanes,  these  new  species  have 
unambiguous,  perfectly  planar  tetracoordinate  C(C)4  minima, 
and  positively  charged  ptCs  with  much  lower  p-jt  occupan¬ 
cies.  Although  lOa-h  can  be  considered  to  be  zwitterions, 
none  of  the  atoms  has  a  large  positive  or  negative  charge.  The 
charges  are  spread  out  over  the  whole  molecule.  Conse¬ 
quently,  in  conceiving  ptC  candidates,  it  is  more  fruitful  to 
base  designs  on  the  inherently  planar  methane  dication  as  the 
parent,  rather  than  on  methane  itself.  However,  note  that 
these  ptCs  come  from  the  synergy  of  the  mechanical  and 
electronic  strategies.  For  example,  C(BH2)4  prefers  C2v  (12  a) 
over  DAh  symmetry  (12  b).  Using  the  same  strategy  to 
transform  hemispiroalkaplanes,  such  as  12  c  failed. [16b,38]  The 
HOMO  of  12c  displays  the  spread  out  charge  (Figure  12  d). 


Figure  12.  Calculated  unsaturated  pure  and  boron-substituted  hydro¬ 
carbons  featuring  ptC  and  pyramidal  configurations,  (a)  and  (b)  are 
from  Ref.  [10],  (c,  d)  are  from  Ref.  [12c].  The  bond  lengths  are  in  A. 


Can  we  achieve  ptC  in  hydrocarbons  only  using  the 
electronic  effect?  The  answer  is  definitely  yes.[39]  The  removal 
of  two  electrons  from  spiropentadiene  does  lead  to  a  perfect 
ptC  arrangement  (Scheme  5).  The  electron  pair  of  the  ptC 
atom  is  involved  in  two  aromatic  subsystems  which  stabilize 
the  planar  structure  over  its  tetrahedral  isomer.  The  same 
stabilization  principle  holds  true  for  the  isoelectronic  ana¬ 
logues  of  C52+  (Scheme  6).  Fusing  these  basic  ptC  units  with 
various  mono-  and  bicyclic  ring  systems  leads  to  many  novel 
ptC  compounds,  such  as  13a-n  (Figure  13.  These  species  are 
characterized  by  central  carbons  with  p-jt  occupancies 
around  1.0  e,  close  to  the  value  in  arenes. 


Scheme  5.  ptC  stabilization  principle  of  C5H4  and  related  species. 


pjr:  0.84 


|c| — fcl 

Minimum  (203.7  cm'1)  Minimum  (190.0  cm'1)  Minimum  (192.7  cm'1) 
2- 


<~1  pit:  0.87 


Minimum  (170.0  cm'1)  Minimum  (120.0  cm'1)  ) 


Scheme  6.  Isoelectronic  analogues  of  C52+.  The  bond  lengths  are  given 
in  A. 


Using  the  stable  spiropentadiene  dication  building  block 
(D2h  symmetry,  C5H42+,  Scheme  4)[39a]  and  the  charge-com¬ 
pensation  methodology, [40]  neutral  structures  with  a  ptC  (14  c- 
e;  Figure  14)  were  designed  by  Esteves  and  co-workers. [41] 
The  planarity  at  the  central  carbon  atom  is  achieved  by  using 
aromaticity  to  stabilize  a  positively  charged  core  moiety.  The 
neutrality  is  obtained  by  compensating  the  positively  charged 
ptC  core  by  negatively  charged  functional  groups  (such  as 
HP03_  in  14  e)  or  cyclopentadienyl  rings  (14  c  and  14  d).  The 
same  procedure  can  be  applied  to  isoelectronic  analogues, 
such  as  (14  g).  However,  ring  opening  is  an  easy  process  with 
a  small  barrier.  Therefore,  the  stability  of  the  spiropentadiene 
dication  and  its  derivatives  needs  further  to  be  confirmed. 

Some  building  blocks  in  Scheme  5  have  also  been 
employed  to  build  ptC  compounds.  For  example,  using  C52-, 
the  smallest  carbon  cluster  containing  a  ptC  as  the  starting 
point,  Vela  and  co-workers[42]  designed  a  series  of  ptC 
compounds  15a-c  (Figure  15).  Minkin  and  co-workers [43] 
found  new  building  blocks  similar  to  those  in  Scheme  5  and 
constructed  15  d  and  15  e.  Four  cyclic  hydrocarbons  contain¬ 
ing  a  ptC,  including  13  i— 1,  were  proposed  by  Merino  and  co¬ 
workers. [44]  More  isoelectronic  analogues  of  the  structures  in 
Schemes  4  and  5  were  designed  by  Sastry  and  co-workers. [45] 

Subsequently,  Merino  and  co-workers [44,46]  reported 
a  series  of  ptC-containing  cyclic  hydrocarbons  (16a-h; 
Figure  16).  These  molecules  were  created  by  combining  the 
C52-  skeleton  with  cyclic  hydrocarbon  fragments.  Almost  at 
the  same  time,  Esteves  and  co-workers[47]  analyzed  the 
spiropentadiene  dication  and  concluded  that  the  ptC  is 
mainly  stabilized  by  a  electrons  and  that  the  ptC  has 
a  negative  charge.  The  total  positive  charge  is  spread  along 
the  skeleton  structure.  Moreover,  the  spiropentadiene  dicat¬ 
ion  has  a  2.3  kcalmoF1  activation  barrier  for  ring  opening. 
Following  this  work,  the  same  group  predicted  and  analyzed 
a  class  of  tetrasubstituted  derivatives  of  the  spiropentadiene 
dication  with  ptC.  However,  owing  to  thermodynamic  insta¬ 
bility  these  ptC  species  will  all  be  difficult  to  synthesize  as 
they  are  all  highly  energetic  local  minima  on  the  potential 
energy  surface.  Furthermore,  these  materials  suffer  from 
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NEUTRAL  ptC  MINIMA 


(B3LYP/6-311+G**) 


Examples  of  Hydrocarbons  with  ptC  Minima 


Hydrocarbons  with  ptCs 


Figure  13.  Calculated  ptC  motifs  obtained  by  fusing  basic  ptC  units  with  various  mono-  and  bicyclic  systems.  The  bond  lengths  are  given  in  A.  The 
values  of  nucleus-independent  chemical  shifts  (NICS)  are  given  in  ppm. 


Figure  14.  Calculated  neutral  ptC  motifs  based  on  C5H42+  and  isoelec- 
tronic  BC4H4+  obtained  as  a  result  of  aromaticity  and  compensation  of 
the  positively  charged  ptC  core  by  negatively  charged  functional 
groups. 


(a)  C5-C2H2  (b)  C5-C3H3  (c)  C5-C4H4  (d)  C5-C5H5 


Figure  16.  Calculated  C52-  based  hydrocarbons  featuring  ptC  motifs. [46] 
The  bond  lengths  are  given  in  A.  (Reprinted  with  permission  from 
Ref.  [46],  Copyright  2008  American  Chemical  Society.) 


M=Li,Na,K,Cu  M=Li,Na,K,Cu;  q= 0  M=Be,Mg,Ca,Zn 

M=Be,Mg,Ca,Zn;  <7=2+ 

(a)  (b)  (c) 


HC— tttCH  HC— —  CH 


(d)  (e) 


Figure  15.  C52  based  ptC  compounds  (a-c)  and  C3B2-based  ptC 
species  (d,e). 


instability  caused  by  ring  opening  and  structure  rearrange¬ 
ment. 

In  2008,  Minyaev  and  Minkin[48]  predicted  a  series  of 
extended  belt-like  organoboron  structures  containing  several 


ptCs,  such  as  B1-B4  in  Figure  17.  Almost  at  the  same  time,  on 
the  basis  of  the  building  block  C3B2H4  (neutral  analogue  of 
spiropentadiene  dication),  Zhang  and  Cao[49]  predicted 
a  series  of  ptC-containing  tubular  structures  (T1-T5  in 
Figure  17)  and  star-shaped  species  (see  Figure  18).  Some  of 
the  belt-shape  ptC  species  are  similar  to  the  extended 
organoboron  species  investigated  by  Minyaev  and  co-work¬ 
ers. [48]  The  oligomers  of  diboraspiropentadiene  featuring  ptC 
motifs  have  been  studied  by  Minkin  and  co-workers. [50] 
Moreover,  several  research  groups  have  tested  variants  of 
boron-substituted  spiropentadiene  (C5)  to  probe  the  planar 
motifs  (multi-ptC/B).[48~50]  However,  these  “beautiful”  planar 
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T1  (C4h) 


T2  (Csh) 


T3  (C6/I) 


T4  (Clh) 


T5  (CSh) 


Figure  iy.  Calculated  extended  species  featuring  multiple  ptC  motifs  in  the  belt  forms  (Bl-B4)[48]  and  tubular  forms  (Tl-T5)[49a]  based  on  ptC  unit 
C3B2.  The  bond  lengths  are  given  in  A.  (Reprinted  with  permission  from  Ref.  [48],  Copyright  2008  Pleiades  Publishing,  Ltd.  and  from  Ref.  [49a], 
Copyright  2008  American  Chemical  Society.) 


tetra-C3B2H2-l  6-crown-4 


penta-C3B2H2-20-crown-5 


hexa-C3B2H2-24-crown-6 


Figure  i8.  Calculated  star-shaped  multiple  ptC  species  based  on  C3B2.[49b]  The  bond  lengths  are  given  in  A.  (Reprinted  with  permission  from 
Ref.  [49b],  Copyright  2009  Elsevier  B.V.) 


motifs  are  highly  unstable,  just  high-energy  local  minima.  This 
may  make  these  materials  difficult  to  synthesize. 

Note  that  the  carbon-boron  mixed  clusters  (QB^511  have 
been  extensively  studied  during  the  search  for  planar  carbon 
motifs  during  the  past  decade.  The  higher  electronegativity  of 
carbon  compared  to  boron  disfavors  the  hypercoordinate 
carbon  forms.  [51e~g] 

In  2010,  Wang,  and  co-workers  computationally  designed 
families  of  flat,  tubular,  and  cage  molecules  containing  ptC, 
which  are  assembled  with  “starbenzene”  building  blocks  (i.e. 
19  a)  through  hydrogen  bridging  bonds,  as  represented  by 


19c-19e  (Figure  19).  These  structures  are  geometrically  akin 
to  graphenes,  carbon  nanotubes,  and  fullerenes,  but  have 
fundamentally  different  chemical  bonds.  The  “starbenzene” 
monomer  is  a  local  minimum,  and  the  fused  polymers  (e.g. 
19  c)  exhibit  high  thermodynamic  stability  because  of  the 
bridging  bondings,  implying  the  possibility  for  experimental 
realization.  Extending  the  “starbenzene”,  Wu  and  co-work¬ 
ers^  further  predicted  the  star-like  aromatic  C5A15_  species 
(19  b)  which  could  be  a  global  minimum  for  experimental 
synthesis. 
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Figure  79.  Calculated  multiple  ptC  motifs  based  on  starbenzene  build¬ 
ing  blocks  with  hydrogen  bonds. [53]  The  bond  lengths  are  given  in  A. 
(Reprinted  with  permission  from  Ref.  [53],  Copyright  201 0  Wiley-VCH.) 


3.2.  ptCs  Based  on  the  Planar  Methane  Model 

Stimulated  by  the  proposal  of  aromatic  hydrocopper 
Cu4H4  ( D4h  symmetry),[57]  Li  and  co-workers  investigated  the 
possibility  of  using  d-block  transition  metals  Cu  and  Ni  to 
stabilize  the  ptC  and  other  planar  tetracoordinate  elements 
including  B,  N,  and  O  (Figure  21).[58]  Although  D4h-[BCu4H4]~ 


H - Cu — H 


i/i\i 

Cu - X - Cu 

i\i/i 

H - Cu — H 


(a)  X=ET 

(b)  X=C 

(c)  X=N+ 

(d)  X=02+ 


(e)  X=B“ 

(f) X=C 

(g)  X=N+ 

(h)  X=02+ 


Figure  2i.  Calculated  single  ptC  motifs  enclosed  by  transition-metal 
hydride  rings. 


Figure  20.  Calculated  multiple  ptC  motifs  inside  boron  and  carborane 
rings. 


More  than  one  ptC  can  reside  in  a  single  molecule.  The 
simplest  is  C6H3+  (20a,  D3h  symmetry),  whose  ptCs  partic¬ 
ipate  in  both  the  Jt-electron  delocalization  and  the  in-plane  o- 
delocalization.[54]  This  is  a  good  example  of  “double  aroma¬ 
ticity”.^  Another  simple  example  is  the  benzene  dication 
isomer  20b  (Figure  20),[55]  which  contains  three  contiguous 
ptCs  and  is  a  local  minimum  on  the  potential-energy  surface. 
More  examples,  such  as  20c-e,  were  designed  by  Frenking, 
Schleyer  and  co-workers. [51c]  Using  C52-  and  its  isoelectronic 
analogues  (Scheme  5)  as  building  blocks,  Minyaev  and  co- 
workers^  designed  a  series  of  stable  structures  with  one,  two, 
and  three  ptC  centers  (e.g.,  20f-h).  They  attributed  the 
stability  of  these  structures  to  a  combination  of  electronic  and 
steric  effects,  including  1)  surrounding  the  C  atom  with  jt- 
accepting  and  o-donating  boron  centers,  2)  inclusion  of 
carbon  into  strained  three-membered  aromatic  rings,  and 
3)  strong  interligand  attractive  interactions  between  the 
peripheral  ligating  centers. 


(21a)  and  D4h-C Cu4H4  (21b)  are  not  local  minima  but 
transition  states,  other  D4h  structures,  such  as  XM4H4  (21c- 
h),  are  true  minima  on  the  potential-energy  surface.  However, 
it  is  not  clear  whether  these  structures  are  the  global  minima 
or  not.  More  planar  molecules  can  be  expected  for  the  larger 
analogues  (see  Sections  4  and  5).  Bridging  of  the  above 
hydrometal  complexes  can  lead  to  compounds  containing 
double  ptCs  (see  Figure  22).[59]  However,  all  of  the  double  ptC 
species  predicted  by  Li  and  co-workers  are  only  highly 
energetic  local  minima  in  a  shallow  well  on  the  potential- 


D4A-NL1H4C 


£>2/rB202 


C,-( Ni4H3C)2B202 


C/-(Ni4H3N)2B2022+ 


Figure  22.  Calculated  double  ptC  motifs  based  on  the  single  ptC 
building  blocks. [59]  The  bond  lengths  are  given  in  A.  (Reprinted  with 
permission  from  Ref.  [59],  Copyright  2005  American  Chemical  Society.) 
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c-[U4(M2-C)4(H4-H)]+  (D4h) 


C-U4(n2-C)4(m-C)  (p4h) 


c-U4(^2-C)4(ji4-Si)  (D4h) 


c-U4(n2-C)4(M4-Ge)  (C4v)  c-[U4(n2-CH)4(n4-H)]+  (D4h)  c-U5(n2-C)5(n5-U)  (D5h) 


Figure  23.  Computationally  predicted  planar  motifs  in  E@[c-U4(g2-C)4], 
(E  =  H+,  C,  Si,  Ge)  and  U@[c-U5(g2-C)5]  molecules. [60]  The  bond  lengths 
are  given  in  A.  (Reprinted  with  permission  from  Ref.  [60],  Copyright 
2008  American  Chemical  Society.) 


energy  surface,  and  are  therefore  very  challenging  to  be 
synthesized  experimentally  because  of  their  high  instability. 

Another  type  of  cyclic  ring  cluster  featuring  planar  motif 
centers  was  reported  by  Tsipis  and  co-workers[60]  in  2008 
(Figure  23).  They  predicted  the  planar  isocyclic  and  hetero¬ 
cyclic  uranium  clusters  (23a-f),  among  which  E@[c-U4(|U2- 
C)4]  (E  =  H+,  C,  Si,  Ge;  23a-e)  feature  planar  tetracoordinate 
motifs  with  central  elements  (H,  C,  Si)  and  distorted  Ge.  The 
planar  pentacoordinate  uranium  motif  in  23  f  will  be  dis¬ 
cussed  in  the  following  Section  on  planar  hypercoordinate 
transition-metal  atoms  and  actinides.  However,  it  is  not  clear 
whether  these  planar  motifs  are  global  minima  or  not. 

Su[61]  computationally  studied  twelve  organometallic 
molecules  containing  Cu,  Ag,  and  Au  (Scheme  7)  to  deter¬ 
mine  if  a  central  ptC  atom  is  present.  Model  molecules  I  and 
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M  =  Cu,  Ag,  Au 

Scheme  7.  Computationally  designed  ptC  motifs  enclosed  by  organo¬ 
metallic  molecular  rings. [61]  (Reprinted  with  permission  from  Ref.  [61], 
Copyright  2005  American  Chemical  Society.) 


II  have  large  cavities  that  can  accommodate  ptC  atoms,  and 
the  exact  planarity  of  the  central  carbon  has  been  predicted 
by  theoretical  calculations.  However,  owing  to  the  small  size 
of  the  central  cavity  in  III  and  IV,  planar  M-III  and  M-IY 
(except  Cu-III)  are  not  local  minima,  the  central  carbon  atom 
is  about  0. 1-0.5  A  above  the  M4  plane. 

The  strong  metal-ptC  interactions  (arising  from  the 
considerable  electron  transfer  from  the  metal  ligands  to  the 
more  electronegative  central  ptC)  together  with  the  inter- 
molecular  metallophilic  attractions  are  the  main  driving 
forces  in  maintaining  the  planarity  of  the  above  organome¬ 
tallic  ptC  species.  In  all  these  compounds,  the  central  ptC 
atom  has  three  sp2  hybridized  chemical  bonds  and  a  nearly 
pure  lone  pair  of  2pz  electrons  perpendicular  to  the  M4  plane. 
This  is  in  line  with  the  HAW  planar  CH4  model  which  has 
a  pure  lone  pair  of  2pz  electrons.  There  is  also  considerable 
electron  transfer  from  the  H  ligands  to  the  central  C  atom. 
The  aromaticity  in  Li’s  series  (Figure  21)  also  contributes  to 
the  stability  of  these  unusual  structures.  In  2012,  several 
(nearly)  ptC  configurations  in  small  molecules  have  also  been 
predicted  by  Crigger  and  co-workers.1 [62] 

Carbon-aluminum  binary  clusters  have  attracted  atten¬ 
tion  because  of  their  non-classical  structures  and  exotic 
chemical  bonds.  In  2008,  Naumkin[63]  explored  the  flat 
structural  motifs  in  small  alumino-carbon  clusters  CnAlm 
(n  =  2-3,  m  =  2-8)  using  ab  initio  MP2  calculations.  They 
identified  some  clusters  featuring  planar  tetra-  and  hyper¬ 
coordinate  carbon  motifs.  On  the  basis  of  simple  models 
potentially  containing  double  ptC  motifs,  Wu  and  co-work¬ 
ers^  predicted  that  the  simplest  neutral  singlet  C2E4  (E  =  Al, 
Ga,  In,  and  Tl;  Scheme  8)  is  a  global  minimum  with  two  ptCs. 
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Scheme  8.  Simple  models  potentially  containing  double  ptCs  motifs, 
with  E  =  Al,  Ga,  In,  Tl.[64]  (Reprinted  with  permission  from  Ref.  [64], 
Copyright  2009  American  Chemical  Society.) 


As  a  continuation  of  this  work,  Wang  and  co-workers [65]  used 
a  bifunctional  scheme  to  extend  C2A14  with  two  planar 
tetracoordinate  carbons  to  a  new  class  of  ptC  molecules  (24  a- 
h;  Figure  24). 


4.  Planar  Pentacoordinate  Carbon 

In  2001,  Wang  and  Schley er  proposed  the  construction 
principles  of  “hyparenes”  and  designed  families  of  molecules 
with  planar  pentacoordinate  carbon  (ppC).[51b]  -CH-CH-CH- 
is  a  common  fragment  in  arenes  and  allyls.  Replacing  some  of 
the  atoms  in  the  traditional  trigonal  sp2  arrangement  results  in 
ppC  building  blocks,  such  as  -C3B3-  (type  A),  -C2B4-  (type  B), 
and  -CB5-  (type  C;  Figure  25).  With  such  building  blocks, 
simple  molecules  (25a-c)  as  well  as  elaborate  aromatic  and 
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Figure  24.  Computationally  predicted  double  ptC  species  based  on  the 
skeleton  of  Ml  in  Scheme  8.[65]  The  point  groups  are  listed  underneath 
each  structure.  Atom  colors,  yellow  Al,  cyan  F,  red  O,  blue  N,  gray  C, 
pink  Be,  and  white  H.  (Reprinted  with  permission  from  Ref.  [65], 
Copyright  2010  The  Royal  Society  of  Chemistry.) 


HYPERARENES 


INFINITE  FAMILY  OF  ELABORATED  ARENES  WITH 
PLANAR  HYPERCOORDINATE  ATOMS  PREDICTED 

DESIGN  PRINCIPLE  EMPLOYING  BORON  AS  AN  EXAMPLE 
H 

Arene,  allyl,  etc. 
fragment 

Symbol: 


Figure  25.  Design  principles  for  ppC  compounds. [51b]  The  bond  lengths 
are  given  in  A.  (Reprinted  with  permission  from  Ref.  [51b],  Copyright 
2001  AAAS.) 


NICS  OF  B5-B3  HYPERARENE  AROMATIC  MINIMA 


GIAO*3LYP*-31 1  ♦G-//DITTO 


ARENE  VS  HYPERARENE  NICS 
<GIAO)B3LYP/6-311+G**//B3LYP/6-311+G** 

•  HYPERARENE  VS  ARENE  NICS 


HYPERARENE  VS  ARENE  NICS 

<GIAO)B3LYP/6-311+G**//B3LYP/6-311+G” 


Borocarbon  Examples  with  ptCs  and  ppCs 


Figure  26.  NICS  (in  ppm)  grid  plots  of  ppC  compounds. [51b]  (Reprinted 
with  permission  from  Ref.  [51b],  Copyright  2001  AAAS.)  The  red  and 
green  colors  denote  negative  (diatropic)  and  positive  (paratropic) 

NICS  values,  respectively. 


antiaromatic  hydrocarbons  can  be  created.  We  call  these 
molecules  “hyparenes”  (hypercoordinated  arenes).  These 
hyperenes  include  25a-f,  26a-c,  and  26e-n  (Figure  26).  All 
of  these  species  have  computed  structures  with  normal  bond 
lengths,  vibrational  spectra  with  no  imaginary  frequencies, 
and  magnetic  properties  [nucleus-independent  chemical  shifts 
(NICS)]  as  well  as  proton  chemical  shifts[66]  that  reveal  the 
aromatic  or  antiaromatic  character  of  the  individual  rings. 
The  planar  pentacoordination  results  from  multicenter  bond¬ 
ing.  The  total  Wiberg  bond  indices  (WBI)  for  the  central 
carbons  are  close  to  4  demonstrating  that  the  octet  rule  is  not 
violated. 
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Most  mono-  and  polycyclic  aromatic  (and  even  antiar¬ 
omatic)  species  (which  we  generically  call  “arenes”)  can  be 
extended  geometrically  and  electronically  by  the  borocarbon 
groups  of  Type  A,  B,  or  C.  Appropriately  chosen,  these 
extensions  can  maintain  existing  aromaticity  (for  example 
25  b).  Alternatively,  they  can  convert  antiaromatic  into 
aromatic  systems  (for  example  Type  C  in  26  e)  or  vice  versa 
(26  g).  Some  ppC  compounds,  such  as  26  n,  can  be  more 
aromatic  than  benzene  owing  to  the  significant  diatropic 
contribution  from  the  multicenter  C— B  bonds. 

Other  rings  involving  atoms  other  than  boron  and  carbon 
in  the  perimeters  are  also  possible  (Figure  27).  For  example, 


PLANAR  PENTACOORDINATE  CARBON:  CSi52- 


C(prc)  1.23e  Freq/B3LYP/6-31 1 +G* 


PLANAR  PENTACOORDINATE  CARBON  6tt  e  MINIMA,  C2v 


Rel  E  4.9  kcal/mol  Rel  E  0.0 

C(p7t)  1.32  C(pjt)  1.27  (e) 

119  cm-1  B!  W  111  cm-1  A2 


Figure  27.  Calculated  planar  pentacoordinate  carbon  configurations  in 
CSi52-  (a  and  b),  CSi4P“  (c),  and  CSi3P2  (d  and  e).  The  bond  lengths  are 
given  in  A. 

the  D5/rsymmetric  CSi52-  dianion  (27  a),  and  its  isoelectronic 
analogues  C2v-CSi4P~  (27  c)  and  C2v-CSi3P2  (27  d,  27  e)  are 
minima  with  ppCs  at  the  B3LYP/6-311  +  G*  level  of  theory. 
However,  they  may  not  be  global  minima,  because  a  detailed 
isomer  search  revealed  that  27b  is  8.9kcalmol_1  lower  in 
energy  than  27  a.  Note  that  the  p-Jt  occupation  in  these 
clusters  is  also  a  little  larger  than  1.0  e. 

Building  blocks  similar  to  those  in  Figure  25  but  based  on 
ptC  are  also  possible,  and  several  examples  are  given  in 
Figure  28.  Integrating  the  ptC  building  blocks  such  as  28  a  and 
28b  into  compounds  can  generate  a  large  family  of  ptC 
compounds,  such  as  28  c  and  28  d. 

Inspired  by  the  discovery  of  the  aromatic  M5(p-H)5  (M  = 
Cu,  Ag,  Cu)  hydrometal  rings, [57,67]  Li  and  co-workers 
extended  their  study  on  the  planar  tetracoordinate  non- 
metal  complexes[58]  to  pentacoordinate  analogues. [68]  A  sys¬ 
tematic  theoretical  investigation  revealed  that  29a-l  with 
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Figure  28.  Design  principles  for  ptC  compounds. 


(a)  M=Cu,  X=B“;  (b)  M=Cu,  X=C 
(c)  M=Cu,  X=N+;  (d)  M=Cu,  X=02+ 

(e)  M=Ag,  X=P+;  (f)M=Ag,  X=S2+ 

(g)  M=Au,  X=P+;  (h)  M=Au,  X=S2+ 

(i)M=Pd,  X=Si“;  0)M=Pd,  X=Ge“ 

(k)  M=Pt,  X=Si“;  (l)M=Pt,  X=Ge“ 

Figure  29.  Planar  pentacoordinate  motifs  centered  in  hydrometal  M5H5 
rings. 


planar  pentacoordinate  non-metal  centers  are  local  minima 
on  the  potential-energy  surface  (Figure  29).  However,  it 
remains  unclear  if  these  structures  are  the  global  minima  or 
not.  These  species  are  aromatic  in  nature,  as  indicated  by  the 
large  negative  NICS  values  above  the  rings. [68]  A  similar  type 
of  structure  U@ [c-iyi^-Cy]  (23  f)  was  also  predicted  by 
Tsipis  and  co-workers. [60] 

In  2008,  Zeng  and  co-workers [69]  computationally  identi¬ 
fied  the  first  global  minimum  planar  pentacoordinate  carbon 
in  CA15+  and  examined  its  aromaticity  (Figure  30).  In  2010, 
Wang  and  co-workers  used  isoelectronic  substitution  (Be 
replaces  Al)  to  design  CAl4Be  and  CAl3Be2"  (31a,  31b; 
Figure  31).[70]  In  2012,  Wu  and  co-workers  predicted  that  ppC 
molecules  CAl2Be32_  and  LiCAl2Be3-  (31c,  31  d)  obtained  by 
further  substitution  are  global  minima. [71]  Similarly,  Castro 
et  al.  reported  the  completely  Be-substituted  ppC  motifs  in 
CBe5E~  (E  =  Al,  Ga,  In,  Tl),[72]  but  the  ppC  global  minima  are 
only  found  for  E  =  Al  and  Ga  in  the  CBe5E_  series. 


5.  Planar  Hexa-  and  Higher  Coordinate  Carbon 

In  the  previous  Section,  we  have  seen  that  numerous  ptC 
and  ppC  compounds  are  feasible.  Is  it  possible  to  get  planar 
carbon  with  higher  coordination?  For  example,  can  a  planar 
carbon  adopt  hexacoordination  and  reside  in  the  center  of 
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Figure 30.  Predicted  global  minimum  ppC  CAI5+  and  its  aromaticity 
characterized  by  NICS  (in  ppm)  plots  (a-d).[69]  (Reprinted  with  permis¬ 
sion  from  Ref.  [69],  Copyright  2008  American  Chemical  Society.) 


(a)  CAUBe  (C2v)  (b)  CAl3Be2-  (C2v) 


Figure 37.  Predicted  global  ppC  minima:  a)  CAl4Be,  b)  CAl3Be2_,[70] 
c)  CAl2Be32_,  d)  LiCAl2Be3_,[71]  The  bond  lengths  are  given  in  A  and 
angles  in  °.  (Reprinted  with  permission  from  Ref.  [70],  Copyright  2010 
The  Royal  Society  of  Chemistry;  Ref.  [71],  Copyright  2012  American 
Chemical  Society.) 

a  benzene  ring?  Many  known  compounds  have  hexacoordi- 
nate  carbons,  but  they  are  involved  in  three-dimensional 
structures  (see  Figure  32). 

As  pointed  out  by  Schleyer  and  Boldyrev  in  1991, [20]  the 
design  of  unusual  molecular  shapes  requires  the  right  fit  of  the 
constituent  atoms,  both  geometrically  and  electronically.  The 
interatomic  distances  must  be  in  the  normal  ranges.  The 
molecular  orbitals  patterns  and  degeneracies  should  be 
consistent  with  the  molecular  symmetry.  Unusually  high 


(CO)3 


<CH3LI  )4 


CUe0/f/2* 

Figure 32.  Some  compounds  with  three-dimensional  hexacoordinate 
carbons:  CH62+,  Hogeveen’s  dication  (CCH3)6,  [CRu6(CO)17],  tetramet- 
ric  MeLi,  CLi60/+/2+,  and  ort/io-C2B10H12.[51a]  (Reprinted  with  permission 
from  Ref.  [51a],  Copyright  2000  AAAS.) 


coordination  of  a  central  atom  can  best  be  achieved  in  cyclic 
systems  or  clusters  in  which  all  atom-atom  contacts  are 
bonding. 

The  first  planar  hexacoordinate  carbon  was  achieved  in 
2000  by  Exner  and  Schleyer  in  CB62_  (33a;  Figure  33).[51a]  In 
addition  to  the  suitable  size,  there  are  no  unfavorable  orbitals 
populated  in  CB62~.  The  HOMOs  of  33  g  are  a  degenerate 
jt  set  (elg),  just  like  in  benzene,  and  the  third  occupied  jt  MO 
involving  the  p  orbital  at  the  central  carbon  (a2u)  is  low  in 
energy.  CB62_  is  the  first  example  of  a  six  jt  aromatic  molecule 
with  a  central  hexacoordinate  atom.  Its  aromaticity  is 
confirmed  by  highly  negative  NICS  values  above  the  ring, 
and  the  diamagnetic  Jt-ring  current  that  circulates  the 
molecule  undisturbed  by  the  central  carbon  atom.[73] 

Neutral  closed-shell  carbon-boron  systems  with  phC  are 
also  possible.  All  the  heavy  atoms  in  the  doubly  protonated 
CB6H2  (33  b)  lie  very  nearly  in  a  plane.  Isoelectronic 
analogues  of  CB62-,  33c-f,  all  with  phCs,  are  local  minima. 
Compound  33  f  has  a  hexacoordinate  boron  atom,  is  also 
a  local  minimum,  and  is  38.4  kcalmoF1  lower  in  energy  than 
the  lowest  energy  phC  isomer  (33  e)  at  B3LYP/6-311  +  G*. 
Although  33c-e  are  not  the  lowest-energy  isomers,  and  can 
rearrange  to  more  stable  isomers,  the  barriers  should  be 
sufficiently  high  to  permit  their  experimental  observation. 
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Figure 33.  Predicted  planar  hexacoordinate  carbon  CB62“  (a),  its  pro- 
tonated  form  (b),  and  isoelectronic  species  C3B4  (c-f),  orbital  dia¬ 
gram  (g).  The  MO  Scheme  for  CB62“  with  planar  hexacoordinate 
carbon  (at  the  B3LYP/6-311  +G*  level).  The  six  jt  electrons  are 
delocalized  in  the  a2u  symmetric  MO  involving  the  p  orbital  on  the 
central  carbon  and  the  two  degenerate  highest  occupied  MOs  (elu 
symmetry) ,[51a]  (Reprinted  with  permission  from  Ref.  [51a],  Copyright 
2000  AAAS.) 


A  family  of  wheel-shaped  molecules  which  contain  quasi- 
planar  penta-  and  hexacoordinate  carbons  (or  isoelectronic 


atoms,  such  as  B-,  Al-,  Si,  or  Ge)  can  also  be  formed  by  face- 
to-face  conjugation  of  two  units  of  two  planar  heptacoordi- 
nate  (or  hexacoordinate)  carbon  (or  isoelectronic)  atoms 
(34a-l).[74]  The  wheel  isomers  (W),  but  not  the  regular 
polyhedral  (P)  isomers  follow  Wade’s  rule  closoP 5]  Taking 
C2B12H12  (W)  (34  a)  for  example,  its  internal  axial  bond  is 
characterized  by  a  short  C-C  separation  (1.597  A),  and 
a  bonding  HOMO  (Figure  34m).  However,  C2B12H12  (34b) 
structures  in  the  polyhedral  singlet  (PS)  biradical  or  triplet 
states  have  long  C-C  separations,  and  have  nonbonding 
HOMOs  (Figure  34 n),  thus  Wade’s  rule  closo  is  not  followed 
if  the  two  unpaired  electrons  are  added  to  the  skeletal- 
electron-pair  count. 

Though  the  axial  C— C  bonding  favors  wheel-shapes,  the 
concomitant  cage  increases  the  strain  which  destabilizes  the 
wheel  form.  The  competition  between  these  two  factors 
determine  whether  a  W  or  a  P  isomer  is  favored.  Except  for 
34  c  and  34  g,  W  isomers  are  energetically  favored  over  P 
isomers.  To  increase  the  relative  stability  of  W  over  P  isomers, 
the  cage  bonding,  or  the  cage  deformation  strain  of  W  isomers 
has  to  be  reduced.  This  can  be  realized  by  electronegative 
substituents,  such  as  fluorine  atoms,  as  in  34  e,  34  f,  34  k,  and 
341. 

As  a  follow-up  study  of  the  original  work  on  CB62-, 
Schleyer  and  co-workers[76]  investigated  the  possibility  of 
using  CB62-  as  a  building  block.  They  designed  myriad  planar 
hexacoordinate  carbon  molecules  inviting  synthesis  (see 
Figure  35).  Furthermore,  the  boron  rings  enclosing  planar 
hypercoordinate  Group  14  elements  have  been  studied  by 
Merino  and  co-workers. [51d]  They  found  several  planar  hyper¬ 
coordinate  wheels  as  local  minima. 

Inspired  by  the  breakthrough  in  phC,  several  groups 
focused  on  the  prediction  of  compounds  containing  CB62-.  Li 
and  co-workers[77]  predicted  the  main-group  metallocene-like 
complexes  K[(q6-B6C)Ca]n(r]6-B6C)K  (w  =  l-3)  and  [(r)6- 
B6C)Ca]n(rf-B6C)2-  (n  =  1, 2),  as  well  as  the  related  pyramidal 
[(r]6-B6C)M]/-  (M  =  Na,  K,  and  CaCl,  i  =  1;  M  =  Ca,  i  =  0)  and 
bipyramidal  (rf-B6C)(CaCl)2  (see  Figure  36),  which  involve 
phC-containing  rf-B6C2-  ligands.  Note  that  the  pyramidal 
half-sandwich  is  unstable  owing  to  the  transformation  into 
low-lying  isomers  from  the  viewpoint  of  thermodynamics. 
Furthermore,  the  metallocene-like  complexes  are  quite 
unstable  because  of  the  strong  tendency  of  CB62-  ligands  to 
fuse  (see  details  in  Section  7).  Shahbazian  and  co-workers [78] 
predicted  the  metal  complexes  of  CB62-,  that  is,  [M(B6C)]- 
(M  =  Li,  Na,  K)  and  (M  =  Be,  Mg,  Ca)  as  viable  targets  for 
gas-phase  synthesis.  However,  these  materials  may  be  difficult 
to  prepare  owing  to  their  high  instability  and  transformation 
into  other  low-lying  isomers. 

All  the  above  mentioned  phC  species  are  only  local 
minima.  Recently,  the  first  global  minimum  phC  molecule, 
C03Li3+  ( D3h )  (Figure  37),  was  found  by  Wu,  Wang  and  co¬ 
workers  after  searching  the  viable  candidates. [79]  They  also 
predicted  another  possible  candidate  CN3Be3+  ( D3h ),  a  deep- 
lying  kinetically  viable  local  minimum. 

Note  that  boron  rings  have  been  widely  used  to  design 
planar  hypercoordinate  motifs  by  enclosing  both  main-group 
and  transition-metal  elements.  The  mixed  carbon-boron 
clusters  CxBy  have  been  extensively  studied  to  probe  the 
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Figure  34.  A  family  of  wheel-shaped  molecules  containing  nearly  penta-  and  hexacoordinate  carbons  and  isoelec- 
tronic  species  (a-l)  have  been  predicted.  Comparison  of  the  HOMOs  of  (a)  and  (b)  are  also  shown  in  (m)  and  (n). 
Structures  replotted  based  on  Ref.  [74]. 


possible  planar  config¬ 
urations.  Both  experi¬ 
mental  and  theoretical 
work  demonstrate 
that  the  higher  elec¬ 
tronegativity  of 

carbon  compared  to 
boron  disfavors  the 
hypercoordinate 
carbon  forms.  [51e~g’k] 
For  example,  for 

CB6-,  cb62-, 

C2B5-,[51fl  CB7-,[51el 

CB8-,[51gl  CB9“,  and 
QBg-,151111  the  global 
minima  prefer  other 
locations  for  carbon 
atom(s)  rather  than 
central  positions  with 
the  highest  possible 
hypercoordination. 

The  size  of  the 
central  atom  in  the 
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Figure  36.  Optimized  structures  of  C6„  [(rf-B6C)M]  “  (M  =  Li,  Na,  and 
K),  C6,  [(rf-B6C)Ca],  C6„  [(r)6-B6C)CaCI]-,  D6ll  [(r)6-B6C) (CaCI)J,  D6ll  [(rf- 
B6C)„+,Ca„]2-  (n  =  l  and  2),  and  D6fl  [(r!6-B6C)„+1Ca„K2]  (n  =  l,  2,  and 
3).[77]  (Reprinted  with  permission  from  Ref.  [77],  Copyright  2007 
American  Chemical  Society.) 
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Figure 35.  Examples  of  CB62  -based  phC  molecules.  Bond  lengths  are  shown  in  A. 
Structures  replotted  based  on  Ref.  [76]. 


Figure 3J.  Predicted  phC  motifs  in  the  global  minimum  Li3C03+  and 
low-lying  CN3Be3+.[79]  (Reprinted  with  permission  from  Ref.  [79],  Copy¬ 
right  2012  The  Royal  Society  of  Chemistry.) 
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Planar  Octacoordination  (BB8‘  and  SIB8  ) 


C(jtp)=0.93  (a) 


POLYCYCLIC  PLANAR  DIPENTACOORDINATE  CARBON 


Figure 38.  The  optimized  structures  containing  planar  heptacoordinate  carbon,  planar  octacoordinate  carbon,  boron,  and  silicon  species,  and  the 
NICS  (in  ppm)  plot  of  38f.[51b]  (Reprinted  with  permission  from  Ref.  [51b],  Copyright  2001  AAAS.) 


boron  ring  is  crucial  to  achieve  planar  hypercoordinate 
carbon  or  other  planar  hypercoordinate  elements.  For  exam¬ 
ple,  planar  heptacoordinate  carbon  can  be  realized  in  Dlh- 
B7C-  (38  a).  D8h- B9-  (38  b)  and  D8h- B8Si  (38  c)  are  local 
minima  with  planar  octacoordinate  boron  and  silicon 
(Figure  38).  However,  the  B6  ring  will  not  accommodate 
a  central  boron  atom,  and  B7“  adopts  pyramidal  structures. [80] 
Similarly,  the  carbon  atom  is  too  small  to  achieve  good 
bonding  to  all  eight  boron  atoms  simultaneously,  thus  D8h- 
B8C  (38  d)  is  a  transition  state,  and  distorts  to  a  C2v  structure 
with  a  planar  pentacoordinate  carbon  (38  e).  A  polycyclic 
planar  dipentacoordinate  carbon  compound  (38  f)  is  also 
predicted. 

This  concept  can  be  extended  to  other  elements  as  well. 
For  example,  planar  boron-ring-based  molecules,  B82_  and  B9“ 
were  detected  in  laser  vaporization  experiments. [81]  This  was 
the  first  experimental  observation  of  hepta-  and  octacoordi¬ 
nate  boron  atoms.  The  chemical  bonding  analysis  reveals  that 


the  double  (a  and  jt)  aromaticity  is  responsible  for  the  wheel 
structures  and  the  extreme  coordination  environments  in  B82_ 
and  B9“.  The  molecular  wheel  B82_  was  also  experimentally 
detected  as  an  inorganic  ligand  in  LiB8~  and  its  high  stability 
suggests  that  it  may  be  used  as  a  new  building  block  in 
chemistry. [82]  Other  planar  hypercoordinate  species  await 
future  experimental  investigation.  Recently,  Chen  and  co- 
workers[83]  predicted  a  series  of  M©B„  boron  wheels  to  be 
local  minima  rather  than  global  minima,  except  for  triplet 
Be©B8  planar  wheel  which  is  a  global  minimum. 

Using  a  similar  procedure,  Minyaev,  Minkin,  and  co- 
workers^  discovered  planar  hexacoordinate  carbon  and 
boron  compounds  39a-f  (Figure  39),  planar  heptacoordinate 
carbon  and  nitrogen  compounds  B7C“  (38  a),  B7N,  and  their 
isoelectronic  analogue  B6C2  (39  f),  and  planar  octacoordinate 
silicon  and  phosphorus  compounds  B8Si  (38  c)  and  B8P+. 
Moreover,  Park[85]  computed  various  isomers  of  B7C~  and  its 
isoelectronic  species  B6C2  and  B5C3+,  and  found  their  most 
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Figure 39.  Predicted  planar  hexa-  and  heptacoordinate  carbon  and 
boron  compounds. 


stable  isomers  39g-i.  The  energy  differences  are  60.7  kcal 
mol-1  between  39  g  and  38  a,  and  60.2  kcal  mol-1  between  39  h 
and  39  f,  respectively. 

In  2009,  the  Wang  and  Boldyrev  groups[51g]  demonstrated 
the  rational  design  of  hypercoordinated  planar  chemical 
species  using  the  adaptive  natural 
density  partitioning  (AdNDP) 
method[86]  which  assesses  delocal¬ 
ized  bonding  in  chemical  species. 

This  method  leads  to  partitioning 
of  the  charge  density  into  elements 
with  the  highest  possible  degree  of 
localization  of  electron  pairs.  If 
some  part  of  the  density  cannot 
be  localized  in  this  manner,  it  is 
represented  using  completely  delo¬ 
calized  objects,  similar  to  canonical 
MOs,  naturally  incorporating  the 
idea  of  delocalized  bonding,  such 
as  /^-center  two-electron  (/?c-2e) 
bonds.  Thus,  AdNDP  achieves 
a  seamless  description  of  different 
types  of  chemical  bonds  and  has 
been  applied  recently  to  different 
chemical  systems.  The  analysis 
explains  why  the  B9~  (40  a)  cluster 
is  a  doubly  aromatic  high-symme¬ 
try  wheel  structure,  while  A1B9 
(40  c)  and  FeB9~  (40  d)  species 
with  octacoordinate  A1  and  Fe  are 
global  minima  or  low-lying  iso¬ 
mers.  This  analysis  also  explains 
why  carbon  atoms  fit  well  into  the 
central  cavity  of  CA142_  (40  b; 


6.  Other  Planar  Tetracoordinate  (or  Hypercoor¬ 
dinate)  Elements 

6.1 .  Boron 

In  addition  to  the  planar  hypercoordinate  boron  atoms, 
such  as  B7“,  B82_,  and  B9_  (see  Section  5),  many  other  planar 
hypercoordinated  boron  compounds  have  been  theoretically 
and  experimentally  examined.[87]  The  groups  of  Boldyrev  and 
Wang  have  published  a  series  of  theoretical/experimental 
papers  on  small  boron  clusters  B3_-B24_  (see  Figure  41).[87a] 
Starting  with  planar  clusters,  B5“,[88]  B6-,[89]  B7~,[80]  B8“  and 
BcT,[81]  in  2003,  Wang  and  co-workers  prepared  planar  (or 
quasi-planar)  clusters  B10“  to  B15_.[90]  All-boron  aromatic 
clusters  are  potential  new  inorganic  ligands  and  building 
blocks  in  chemistry. [87b]  The  work  on  all-boron  bare  clusters 
demonstrates  that  these  anions  have  planar  structures  from 
B3~  to  B24_.[87a]  Remarkably,  even  larger  all-boron  clusters, 
including  quasiplanar  structures,  namely  chiral  B30_[91]  and 
B35-[92]  with  a  double-hexagonal  vacancy  (Figure  42)  as  well  as 
a  planar  hexagonal  B36_[93]  (Figure  43),  have  been  detected  in 
the  gas-phase  and  characterized  by  photoelectron  spectros¬ 
copy  and  ab  initio  calculations. 
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Figure  40)  and  CA15+  (Figure  30). 
They  suggested  that  to  design 
a  chemical  species  with  a  central 
hypercoordinate  carbon  atom, 
electropositive  ligands,  which 
would  have  lone  pairs  instead  of 
2c-2e  peripheral  bonds. 
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Figure  40.  The  chemical  bonding  analysis  for  B9“  (a),  CAI42_  (b),  AlB9  (c),  and  FeB9  (d),  all  calculated 
by  AdNDP  analysis. [51g]  (Reprinted  with  permission  from  Ref.  [51  g],  Copyright  2009  The  Royal  Society 
of  Chemistry.) 
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Figure  41.  The  lowest-energy  structures  calculated  for  B3“  through 
B24_.[87a]  The  point  group  and  electronic  configuration  of  the  ground- 
state  structures  are  in  parentheses.  (Reprinted  with  permission  from 
Ref.  [87a],  Copyright  2014  American  Chemical  Society.) 


Figure  42.  The  observed  quasiplanar  boron  clusters:  chiral  B30“  (left) [91] 
and  B35“  (right)  with  a  double-hexagonal  vacancy.[92]  (Reprinted  with 
permission  from  Ref.  [91],  Copyright  2014  Wiley-VCH  and  Ref.  [92], 
Copyright  2014  American  Chemical  Society.) 


All-boron  clusters  have  a  rich  chemistry.  In  particular, 
B8-’2-r  B9-,[81]  B10,  Bu“,  and  B12[90]  can  be  viewed  as 
analogues  of  benzene  on  the  basis  of  their  six  jt  electrons, 
because  they  have  Jt-molecular  orbital  patterns  similar  to 
those  of  benzene.  A  perfectly  planar  B162_  (D2h)[94]  with  10  jt 
electrons  can  be  considered  an  all-boron  naphthalene.  Also, 
three  neutral  boron  clusters  Bn,  B16,  and  B17  are  shown  to 
have  planar  or  quasi-planar  structures  by  vibrational  spec¬ 
troscopy  and  ab  initio  calculations. [95]  B17-  and  B18_[96]  have 
been  predicted  to  be  planar  or  quasi-planar. 

Furthermore,  a  concentric  planar  doubly  JT-aromatic  B19- 
cluster  has  been  experimentally  detected. [97]  This  “aromatic 
Wankel  motor” [98]  contains  two  concentric  jt  systems,  with 
two  jt  electrons  delocalized  over  the  central  pentagonal  B6 
unit,  and  another  ten  jt  electrons  responsible  for  the  bonding 
between  the  central  pentagonal  unit  and  the  outer  ring.  Such 


Figure  43.  Calculated  structure  of  a)  B36“  and  b)  B36,  and  c)  proposed 
extended  boron  sheets  based  on  B36  units. [93]  (Reprinted  with  permis¬ 
sion  from  Ref.  [93],  Copyright  2014  Macmillan  Publishers  Ltd:  Nature 
Communications.) 


peculiar  chemical  bonding  does  not  exist  in  organic  com¬ 
pounds,  it  is  only  found  in  clusters. 

With  increasing  numbers  of  atoms,  the  geometric  struc¬ 
ture  will  evolve  from  planar  or  quasi-planar  (2D)  to  three 
dimensional  (3D).  Interestingly,  B20-[99]  and  B21-[100]  are  still 
planar.  B222_  and  B23“  can  be  considered  to  be  boron 
analogues  of  anthracene  and  phenanthrene.[101]  Note  that 
the  energies  of  quasi-planar  and  3D  tubular  structures  are 
quite  close  for  B20_[99]  and  B22-,[101]  and  it  was  suggested  that 
the  2D-3D  structural  transition  would  occur  at  B20.[99] 
However,  B24_[102]  (Figure  41),  B30~,[91]  and  B35_[92] 

(Figure  42)  were  characterized  to  be  quasi-planar,  whereas 
B36_[93]  (Figure  43)  was  confirmed  to  be  planar  hexagonal  and 
proposed  as  a  basis  for  extended  single  layer  boron  sheets. 
Interestingly,  the  very  recent  joint  experimental  and  theoret¬ 
ical  investigations  by  Wang  and  co-workers  led  to  the 
discovery  of  borospherenes  B39-[103]  and  B40~,[104]  which 
provide  evidence  for  the  structure  transition  from  2D  to  3D. 
However,  the  exact  number  of  boron  atoms  for  the  transition 
from  2D  to  3D  is  a  tricky  question  since  the  motifs  of  boron 
clusters  are  very  sensitive  to  the  charge  states,  spin  multi¬ 
plicity,  and  number  of  atoms.  The  structure  of  large  boron 
clusters  becomes  very  complicated  because  several  motifs 
(e.g.,  quasi-planar,  bowl,  tube,  fullerene,  etc.)  can  crossover, 
be  mixed  together,  and  coexist  as  lowest-lying  isomers. 

From  the  perspective  of  structural  motifs,  these  all-boron 
bare  clusters  resemble  large  rafts,  with  two  to  four  boron 
atoms  in  the  center  surrounded  by  a  peripheral  ring  of  boron 
atoms.  They  exhibit  size-dependent  aromatic  and  antiaro¬ 
matic  behavior  following  the  Hiickel  rules,  akin  to  planar 
hydrocarbons.  Aromatic  boron  clusters  are  more  stable  and 
have  more-circular  shapes,  whereas  antiaromatic  boron 
clusters  are  less  stable  and  elongated.  For  example,  the  B10, 
Bn_,  and  B12  clusters  have  six  delocalized  jt  electrons,  and 
B15~  has  10  delocalized  jt  electrons,  thus  these  clusters  have 
circular  planar  structures  and  are  highly  stable.  In  contrast, 
the  B13“  and  B14  clusters  have  eight  delocalized  jt  electrons 
and  are  antiaromatic,  with  elongated  oval  shapes  analogous  to 
the  square-to-rectangular  distortion  in  the  antiaromatic 
cyclobutadiene. [105] 
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Based  on  topological  resonance  energy  (TRE)  computa¬ 
tions,  Aihara  and  co-workers[106]  argued  that  all  these  planar 
boron  clusters  are  highly  aromatic  with  large  positive  TREs 
even  if  they  have  An  jt  electrons.  This  notion  was  later  refuted 
by  Boldyrev  and  Wang.[87b]  As  an  extension  of  their  work, 
Boldyrev  and  Wang  proposed  all-boron  aromatic  clusters  as 
potential  new  inorganic  ligands  and  building  blocks  in 
chemistry, [87b]  exemplified  by  half  sandwich-like  compounds 
LiB8“,[82]  LiB6",[107]  Ta2B6",[108]  CoB12",[109]  and  RhB12"[109]  in 
the  gas  phase,  and  bulk  phase  Ti7Rh4Ir2B8  in  solid  state, [110] 
and  also  many  other  predicted  sandwich-like  compounds. 

In  addition  to  the  all-boron  bare  cluster  anions  (Bn~ ) 
detected  by  photoelectron  spectroscopy  and  the  correspond¬ 
ing  neutral  species  studied  with  ab  initio  calculations,  there 
are  also  reports  on  small  cationic  clusters.  Oger  and  co¬ 
workers  presented  a  detailed  study  on  the  evolution  of 
structures  of  boron  cluster  cations  (from  B12+  to  B25+; 
Figure  44)  ranging  from  planar  to  cylindrical  motifs.[111]  A 


(c)  B6Au3-  (Ci,  lA)  (d)  B7Au2-  (C2v,  jAi) 

Figure  45.  Experimental  and  theoretical  global-minimum  structures  of 
B6Auf  (n  =  1-3),[114]  and  B7Au2_.[115]  The  bond  lengths  are  given  in  A. 
(Reprinted  with  permission  from  Ref.  [114],  Copyright  2013  American 
Institute  of  Physics  and  Ref.  [115],  Copyright  2006  American  Chemical 
Society.) 


Figure  44.  The  lowest  energy  global  minima  structures  of  B12+  to 
B25+.[111]  (Reprinted  with  permission  from  Ref.  [Ill],  Copyright  2007 
Wiley-VCH.) 


Figure  46.  Experimentally  and/or  theoretically  known  planar  tetracoor- 
dinate  boron  and  its  chemical  bonding.  a),b)  from  Ref.  [116],  c)- 
g)  from  Ref.  [118a],  h)  from  Ref.  [118b].  (Reprinted  with  permission 
from  Ref.  [116],  Copyright  1995  Wiley-VCH,  Ref.  [118a],  Copyright  2002 
Wiley-VCH,  and  Ref.  [118b],  Copyright  2002  Wiley-VCH.) 


typical  case  is  B13+,[112]  which  has  anomalously  high  stability 
and  low  reactivity  in  comparison  with  other  cationic  boron 
clusters,  consistent  with  its  aromatic  nature.  Recently,  Alex¬ 
androva  and  co-workers  predicted  B13+  to  be  a  photodriven 
molecular  Wankel  engine,  which  can  be  driven  by  circularly 
polarized  infrared  electromagnetic  radiation.[113]  Addition¬ 
ally,  Wang  and  co-workers  prepared  and  characterized  several 
boron-gold  alloy  clusters  (Figure  45),  such  as  B6Aun“  ( n  =  1- 
3)[114]  anc[  b7Au2~,[115]  which  contain  planar  tetracoordinate 
boron  motifs. 

Carboranes  with  planar  tetracoordinate  boron  atoms,  46  a 
and  46  b,  have  been  detected  experimentally. [116]  Boranes  with 
planar  tetracoordinate  boron  atoms  have  also  been  pursued 
both  theoretically [117]  and  experimentally  (Figure  46).[118] 
Theoretically,  the  prototype  anion  46  c  is  doubly  aromatic, 
with  a  planar  tetracoordinate  boron  atom  forming  a  three- 
center,  two-electron  (3c-2e)  a  bond  as  well  as  a  3c-2e  jt  bond 
with  the  two  other  boron  atoms.[119]  Upon  protonation,  the 
classical  B— B  bond  in  46  c  is  transformed  into  a  3c-2e  B— H— B 
bond  in  46  d,  which  is  also  doubly  aromatic.  In  tetraborane 
46  e,  the  hydrogen  bridge  in  46  d  is  replaced  by  a  planar  BH2 
bridge,  but  it  is  less  stable  than  its  distorted  tetrahedral 
isomer.  The  diamond-shaped  tetraborane  (R  =  SiMe3)  46  f 


and  its  pyridine  adduct  46  g  are  the  first  aromatic  compounds 
in  which  two  jt  electrons  display  cyclic  delocalization  over 
four  and  three  boron  centers,  respectively.  46  h  displays 
a  planar,  diamond-shaped  B4  ring  containing  a  central  B— B 
bond  (1.633  A). 

6.2.  Nitrogen 

Compounds  with  a  planar  tetracoordinate  nitrogen  (ptN) 
arrangement,  NALf  (4b)  and  NSiAl3  (4c),  were  predicted  by 
Schley er  and  Boldyrev  in  1991.[20]  NALf  was  later  exper¬ 
imentally  observed  by  Rao  and  co-workers  in  1999,[120]  as  we 
discussed  in  Figure  4  in  Section  2  on  pentaatomic  ptC  species. 
Furthermore,  NA15~  (4  s)  with  a  ptN  motif  was  also  observed 
and  characterized  together  with  NA14“  (4  b)  by  Wang  and 
Boldyrev  in  2006.[28]  Encouraged  by  the  fact  that  the  planar 
boron  rings  can  serve  as  convenient  frameworks  for  the 
stabilization  of  planar  tetra-  and  hypercoordinate  main-group 
elements,  Minyaev  and  co-workers[121]  predicted  the  species 
47  a-e,  with  planar  tetracoordinate  nitrogen  atoms 
(Figure  47). 
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Figure  4J.  Predicted  planar  tetracoordinate  nitrogen  species. 


6.3.  Oxygen  and  Sulfur 

A140  (D4h,  4  a)  with  planar  tetracoordinate  oxygen  was 
found  by  Schleyer  and  Boldyrev  in  1991. [20]  In  2004,  Li  and  co¬ 
workers  discussed  hydrometal  complexes  DAh-C u4H402+ 
(21  d)  and  Ni4H402+  (21h),[58]  as  well  as  D5/rCu5H502+ 
(29d).[68]  In  2011,  Zhang  and  co-workers[122]  experimentally 
detected  a  perfectly  square-planar  tetracoordinated  oxygen 
atom  (48)  in  a  tetracopper  cluster-based  coordination  poly¬ 
mer  (Figure  48). 


Figure  48.  Planar  tetracoordinate  oxygen  in  a  tetracopper  cluster 
coordination  polymer.  (Reprinted  with  permission  from  Ref.  [122], 
Copyright  2011  American  Chemical  Society.) 


In  1996,  Muller  and  Henkel [123]  successfully  synthesized 
[Ni5S(SfBu)5]-  (49),  which  features  a  planar  pentacoordinate 
sulfur  atom  (Figure  49).  This  unprecedented  pentanuclear 
sulfide  thiolate  cluster  anion  has  a  fivefold  symmetry  and 
contains  a  pentagonal  nickel  frame  capped  by  a  ^  sulfide  ion. 
In  2005,  species  with  planar  hypercoordinate  sulfur  were 
found  in  hydrometal  complexes  Ag5H5S2+  (29  f)  and  Au5H5S2+ 
(29 h;  Figure  29).[68b] 


6.4.  Silicon  and  Germanium 

In  1970,  when  ptC  was  proposed  by  HAW,  planar 
tetracoordinate  silicon  was  also  considered.  In  1979, 
Wiirthwein  and  Schleyer[124]  proposed  that  planar  tetracoor¬ 
dinate  silicon  should  be  favored  by  electronegative,  Jt-donor 
substituents.  For  example,  the  energy  of  planar  (50  a; 
Figure  50)  was  found  to  be  only  32.9  kcal  mol-1  less  stable 
than  the  tetrahedral  form  (using  MNDO  and  B3LYP/6-311  + 
G*  with  ZPE  correction),  whereas  this  difference  was 
116.3  kcalmol-1  for  its  carbon  analogue.  In  1992,  Boldyrev, 
Schleyer,  and  Keese  reported  computational  results  that 
polynitrogen[5,5,5,5]-sila-fenestrene  (50b)  has  a  minimum  at 
the  HF/3-21G  level. [125]  Keese  and  co-workers  synthesized 
50  c,  but  only  pyramidal  coordinated  silicon  was  found. [126] 


L.-M.  Yang,  Z.  Chen  et  al. 


Figure  4c).  Molecular  structure  of  [Ni5S(StBu)5]_  featuring  a  planar 
pentacoordinate  sulfur  with  fivefold  symmetry.11231  (Reprinted  with 
permission  from  Ref.  [123],  Copyright  1996  The  Royal  Society  of 
Chemistry.) 


(a)  (b)  (c) 


Figure 50.  Computationally  predicted  compounds  containing  planar 
tetracoordinate  silicon  (a  and  b),  and  experimentally  synthesized  mole¬ 
cule  with  pyramidal  silicon  (c). 


Smaller  rings  in  the  central  SiN4  core  are  required  to  realize 
the  planarization  of  50  b. 

Boron  and  hydrometal  rings  have  been  used  to  stabilize 
planar  hypercoordinate  silicon,  as  in  B8Si  (38c),[51b]  Pd5H5Si“ 
(29 i),  Pt5H5Si“  (29k),[68b]  and  Cu6H6Si0  +  (51).[127]  The  Cu6H6 
ring  can  also  stabilize  larger  elements,  such  as  Ge,  P,  and  As 
(51;  Figure  51).[127]  However,  it’s  not  clear  whether  these 
Cu6H6X  molecules  are  global  minima  or  not.  In  2004,  Li  and 
co-workers[128]  reported  a  scheme  to  incorporate  planar 
hypercoordinate  silicon  in  the  C2v-BnE2Si  series  (E  =  CH, 
BH,  or  Si;  n  =  2-5)  as  in  52a-d  (Figure  52)  and  D8h- B8Si. 
These  C2v-BnE2Si  clusters  feature  fan-shaped  structures 
(partial  molecular  wheels)  which  “grow”  gradually  along 
the  fan  peripheries  as  the  number  of  the  boron  atoms 
increases.  These  finally  achieve  a  perfect  closed  octagon  at 
B8Si.  These  planar  clusters  are  the  valence  electron  analogues 
of  the  experimentally  known  planar  boron  clusters,[80_81,88  89] 
and  are  aromatic  in  nature.  This  structural  pattern  is  formally 
robust,  but  may  be  difficult  to  synthesize  experimentally.  In 
total,  61  molecules  containing  planar  hypercoordinate  Si  and 
other  elements  (B,  C,  Ge,  P,  As,  Al,  and  Ga)  were  reported. [128] 
Molecules  with  double  planar  tetra-,  penta-,  and  hexacoordi- 
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X=Si/Si+/Ge/P+/As+ 


Figure  51.  Planar  motifs  of  Si,  Ge,  P,  As  enclosed  by  a  Cu6H6  ring. 
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Figure  52.  a-d)  Planar  tetra-,  penta-,  hexa-,  and  heptacoordinate  sili¬ 
con.  e-g)  Molecules  with  double  planar  tetra-,  penta-,  and  hexacoordi- 
nate  silicon. 


nate  silicon  (ptSi,  ppSi,  phSi;  see  52  e-g)  were  also  obtained 
by  Li  and  co-workers. [129]  However,  these  beautiful  planar 
motifs  (ptSi,  ppSi,  phSi)  are  only  local  minima  with  low 
thermodynamic  stability,  and  their  experimental  observation 
is  expected  to  be  difficult. 

Compared  with  silicon,  planar  hypercoordinate  germa¬ 
nium  has  rarely  been  investigated.  Early  semi-empirical 
(CNDO/2,  ETH)  calculations  on  Td  and  D4h  symmetry  EH4 
and  EF4  (E  =  C,  Si,  Ge)  showed  that  it  is  easier  to  form  planar 
structures  as  one  increases  the  atomic  number  of  the  central 
atom  and  with  increasing  electronegativity  of  the  substitu¬ 
ents.1 [130]  Recent  examples  include  hydrometal  complexes 
Pd5H5Ge“  (29 j),  Pt5H5Ge~  (29 l),[68b]  Cu6H6Ge  (51)[127],  and 
the  boron  wheel  B9Ge+.[83] 

Pentatomic  planar  tetracoordinate  silicon-  and  germa¬ 
nium-containing  molecules  SiALf  (4  k)  and  GeAl4“  (41; 
Figure  4)  were  experimentally  detected  in  2000.[24c]  Calcula¬ 
tions  showed  that  the  anions  with  C2v  planar  structures  are  of 
lowest  energy,  and  the  neutral  molecules  SiAl4  and  GeAl4 
clusters  also  remain  planar.  This  is  different  from  the  case  of 
their  CAl4n_  {n  =  0, 1)  analogues,  whose  anion  is  planar  while 
the  neutral  species  is  tetrahedral. [21] 

6.5.  Phosphorus  and  Arsenic 

In  1992,  polynitrogen-[5,5,5,5]-phosphofenestrene  (53a) 
containing  a  planar  tetracoordinate  phosphorus  (ptP)  was 
computed  as  a  local  minimum  (Figure  53).[125]  However,  the 
first  compound  with  a  planar  tetracoordinate  phosphorus  was 
not  realized  until  Driess  and  co-workers  synthesized  (53  b, 
E  =  P)  in  1999,[131]  and  its  heavier  arsenic  analogue  (53b,  E  = 
As)  was  prepared  in  2002  by  the  same  group. [132]  Furthermore, 
ab  initio  calculations  on  a  series  of  isoelectronic  model  ER4 
compounds  (E  =  B“,  C,  N+,  AL,  Si,  P+,  As+,  Sb+;  R  = 


(a)  (b)  E=P/As 


Figure  53.  Predicted  planar  tetracoordinate  phosphorus  and  arsenic 
species. 

ZrHCp2)  showed  that  the  organometallic  substituent  R 
represents  a  facile  and  universal  ligand  for  the  stabilization 
of  elusive  anti-van’t  Hoff/Le  Bel  configurations  of  various 
main-group  elements  including  AL,  Si  and  P+,  As+  and 
Sb+[i3u32]  main  factor  responsible  for  the  planar 

structure  has  been  attributed  to  the  Zr-E  jt  bonding  and  the 
ensuing  delocalization  of  the  E  lone  pair.  Planar  hyper¬ 
coordinate  arsenic  was  also  found  in  the  hydrometal  complex 
Cu6H6As+  (51)  predicted  by  Li  and  co-workers. [127] 

6.6.  Transition  Metals 

Such  unusual  planar  hypercoordinate  configurations  are 
not  only  limited  to  main-group  elements.  In  the  following 
Section,  we  discuss  planar  transition-metal  motifs  with 
coordination  numbers  from  four  to  ten. 

In  2003,  Lievens  and  co-workers[133]  prepared  Au5Zn+ 
clusters  (Figure  54)  by  cationic  photo-fragmentation  mass 
spectrometry.  They  detected  planar  tetracoordinate  Au,  and 
planar  tetra/pentacoordinate  Zn  motifs  stabilized  by  a  aro¬ 
maticity. 

Planar  tetracoordinate  and  pentacoordinate  motifs  in 
Ag5X0,±(X  =  Sc,  Ti,  V,  Cr,  Mn,  Fe,  Co,  and  Ni)[134]  and  Au5X+ 
(X  =  Au,  Sc,  Ti,  Cr,  Fe)[135]  clusters  were  investigated  by 
Lievens,  Nguyen  and  co-workers.  Frenking  and  co-workers[136] 
found  that  because  of  the  strong  electron  delocalization,  iron 
can  adopt  planar  pentacoordination  in  FeSb5+  and  FeBi5+  in 
D5h  symmetry  as  local  minima  but  not  global  minima  on  the 
potential-energy  surface.  Furthermore,  planar  pentacoordi¬ 
nate  uranium  in  neutral  UCs^c-Us^-C^]  molecule  (23  f)  was 
predicted  by  Tsipis  and  co-workers, [60]  which  extends  the 
planar  motifs  from  transition  metals  into  actinoids.  But,  it  is 
not  clear  if  this  structure  is  a  global  minimum  or  not. 


Figure 54.  Optimized  structures,  charge  populations,  and  relative 
stability  of  Au5Zn+  calculated  at  the  MP2  level  of  theory.  Bond  lengths 
are  in  A.  Charge  populations  are  given  in  italics. [133]  (Reprinted  with 
permission  from  Ref.  [133],  Copyright  2003  American  Chemical  Soci¬ 
ety.) 
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Planar  hexacoordinate  species  were  observed  in  M@Au6“ 
(M  =  Ti,  V,  Cr)  (55)  by  Wang  and  co-workers  in  2005 
(Figure  55).[137]  Similar  configurations  have  been  predicted 
in  M@Au6  (M  =  Sc,  Ti,  V,  Cr,  Mn,  Fe,  Co,  and  Ni)  clusters  by 
Luo  and  co-workers  in  2009.[138]  Furthermore,  planar  hepta- 
coordinated  copper  was  computationally  predicted  in  the 
Cu7Sc  (£>7/0  cluster  (56)  by  Nguyen  and  co-workers[139]  in  2008 
(Figure  56). 


a)  m  (b) 

Ti@Au6‘  0.00,  D6„  (2A1g)  TiAue’  1 .02,  Cs  (2A') 

V@Au6-  0.00,  D2h  (3Ag)  VAue"  1  -55,  C3v,  (%) 

Cr@Au6“  0.00,  Deh  (4Aig)  CrAu6“  2.23,  Cs  (2A") 


Figure  55.  Molecular  structures  of  M@Au6~  (M  =Ti,  V,  Cr)  feature 
planar  hexacoordinate  motifs. [137]  Relative  energies  are  given  in  eV. 
a)  The  most  stable  isomer;  b)  the  next  most-stable  isomer.  (Reprinted 
with  permission  from  Ref.  [137],  Copyright  2005  The  American  Physical 
Society.) 
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Figure  56.  Ground-state  structure  of  heptacoordinated  Cu7Sc  clus- 
ter.[139]  The  two  lowest  lying  isomers  and  their  relative  energies  in  eV 
are  also  shown.  The  Sc  atom  is  light  gray.  (Reprinted  with  permission 
from  Ref.  [139],  Copyright  2008  Wiley-VCH.) 


In  2008,  Li  and  co-workers[140]  comprehensively  explored 
the  planar  hypercoordinate  (hepta-,  octa-,  nona-,  and  deca- 
coordinate)  top-row  d-block  metals  enclosed  by  boron  rings. 
They  predicted  many  neutral  and  charged  molecules  M©Bn 
(« =  7-10),  including  several  global  minima  with  planar 
hypercoordinate  motifs.  Examples  include  Fe©B82_  (D8h), 
Co©B8-  ( D8h ),  and  Fe©B9~  (D9h)  (Figure  57).  Two  of  them, 
Co©B8~  ( D8h )  and  Fe©B9“  (D9h),  were  later  experimentally 
verified  by  Wang  and  Boldyrev. [141] 

A  groups  of  Wang  and  Boldyrev  performed  a  series  of 
experimental  observations  and  theoretical  characterizations 
of  planar  hypercoordinate  species  (see  Figure  57).  These 
include  Ru©B9“  (. D9h)}ula]  M©B9-  (M  =  Rh,  Ir)  (£>%), [142] 
slightly  distorted  Fe©B8“  (C8v),[141b]  M©B10"  (M  =  Ta,  Nb) 


Co©B8~  Ru©B9“  Ta©B10~  Nb©B10_ 

<P»  Ag)  (P9h  A’)  (EW  1Alg)  (Dm,  iAlg) 


V©B9-  Nb©B9-  Ta©B9- 


(C2v,2B2)  (C„2A’>  (Cj,  2A’) 

Figure 57.  Experimentally  observed  transition-metal-centered  boron 
molecular  wheels,  Co©B8“  (D&h)  and  Ru©B9“  (D%),[141a]  M©B9“ 

(M  =  Rh,  Ir)  (D,,,).1'421  Fe©B8"  (C8„)  and  Fe©B9“  (D9(l),[,41bl  M©B10“ 
(M=Ta,  Nb)  (D10h), 11431  M©B9"  (M=V  (C2J,  Nb  (Cs),  Ta  (Cs)).[,44]  The 
bond  lengths  are  given  in  A.  (Reprinted  with  permission  from 
Ref.  [141a],  Copyright  2011  Wiley-VCH;  Ref.  [142],  Copyright  2012 
American  Chemical  Society;  Ref.  [141b],  Copyright  2012  Elsevier; 

Ref.  [143],  Copyright  2012  Wiley-VCH;  Ref.  [144],  Copyright  2013  Amer¬ 
ican  Institute  of  Physics.) 


( D10/z),[143]  planar  V©B9“  (C2v),[144]  and  slightly  distorted 
M©B9“  (M  =  Nb,  Ta)  (Cs).[144]  Considering  geometric  and 
electronic  factors,  Wang,  Boldyrev,  and  co-workers  derived  an 
electron-counting  rule  n  +  q+x  =  12  for  the  rational  design  of 
transition-metal-centered  boron  molecular  wheels  M(x)©B/-, 
where  x  is  the  formal  valence  of  the  transition  metal,  q  is  the 
charge,  and  n  is  the  size  of  the  boron  ring.[144,145] 


7.  Sandwich-Type  Complexes  and  Extended  Systems 

The  ultimate  goal  of  ptC  chemistry  is  to  design  novel  one¬ 
dimensional  (ID),  two-dimensional  (2D),  and  three-dimen¬ 
sional  (3D)  cluster-assembled  materials  based  on  the  “ptC” 
concept.[146]  As  Radom  commented,  “...the  design  of  such 
new  types  of  solids  will  be  a  further,  very  exciting  develop¬ 
ment...  ”.[147]  Incorporating  ptC  units  into  assembled  molec¬ 
ular  materials  could  bridge  the  gap  from  isolated  clusters  in 
molecular  beams  to  potential  macroscopic  solid  materials. [146] 
These  unusual  materials  might  exhibit  unique  electronic, 
magnetic,  optical,  mechanical,  or  catalytic  properties. 

Individual  planar  hypercoordinate  molecules  can  also 
serve  as  building  blocks  for  larger  structures  or  even 
potentially  bulk  solids.  In  2002,  Boldyrev  and  co-workers [24f] 
reported  the  (Na2[CAl4])2  dimer.  The  most  stable  structure 
reported  by  Boldyrev’s  group  is  consistent  with  Yang  and 
Ding’s  “homo-decked  sandwich”  compound  [(CAl42_)(Na+)4- 
(CA142-)]  .[146]  This  concept  can  be  extended  to  [(CA142~)- 
(K+)4(CA142-)] .  These  two  “homo-decked  sandwich”  com- 


9492  www.angewandte.org 


©  2015  Wiley-VCH  Verlag  GmbH  &  Co.  KGaA,  Weinheim 


Angew.  Chem.  Int.  Ed.  2015,  54,  9468-9501 


Angewcmdte 

Theoretical  Chemistry  International  Edition  Chemie 


pounds  can  be  viewed  as  two  (CA142_)  decks  sandwiching 
a  (Na+)4  or  (K+)4  cluster. [146,148] 

In  2004,  linking  the  central  ptC  of  the  C52-  units  with  two 
three-membered  rings  led  to  extensions  of  ptC  into  one,  two, 
and  three  dimensions.  Derived  from  the  monomer  and  dimer 
models,  and  using  a  simple  model  of  the  bonding  capabilities 
of  the  C52-  units,  Hoffmann  and  co-workers  proposed  a  variety 
of  extended  networks,  including  C5MX  (x  =  1,  M  =  Pt,  Zn,  Be 
and  x  =  2,  M  =  Li)  (Figure  58). [149]  In  general,  these  novel 
solids  have  relatively  large  band  gaps,  suggesting  insulating 
behavior. 


Figure  58.  Optimized  structures  of  a)  C5Zn  1  D  network,  b)  C5Pt  2D 
network,  and  c)  C5M  (M=Zn,  Be)  3D  network.[149]  (Reprinted  with 
permission  from  Ref.  [149],  Copyright  2004  American  Chemical  Soci¬ 
ety.) 


[(B6X)2M]9_  (X  =  C,  B,  N)  are  thermodynamically  quite 
unstable  and  therefore  may  be  difficult  to  synthesize. 

Yang  and  Ding[146,148]  redefined  the  concept  of  sandwich- 
type  complexes  and  explored  sandwich-like  compounds  in 
various  interaction  forms  (such  as,  face-face  (f-f),  face-side 
(f-s),  face-corner  (f-c),  side-side  (s-s),  side-corner  (s-c),  and 
corner-corner  (c-c) ;  see  Scheme  9).  The  decks  can  be  organic, 
inorganic,  all-metal,  homocyclic,  or  heterocyclic  ligands.  The 
cores  can  be  transition-metal,  main-group-metal,  nonmetal 
atoms,  or  clusters.  The  coordination  number  of  the  ligand  in 
the  sandwich  compounds  could  be  one  to  eight,  or  even 
bigger.  The  new  definition  could  cover  various  types  of 
sandwich-like  compounds  with  diverse  decks,  cores,  and 
coordination  numbers. 


axis 


(0,90) 


II  III 

r-*  f-c 

(0.90)  (0,90) 


Another  example  is  the  transition-metal  (Fe,  Co,  Ni) 
sandwich-type  complexes  containing  hypercoordinate 
carbon,  nitrogen,  or  boron  (such  as  59a-c,  Figure  59) 
modelled  by  Li  and  co-workers. [150]  Conceptually,  extended 
systems  and  more  heterocyclic  analogues  could  be  designed 
using  the  same  procedure.  As  pointed  out  by  Li  and  co¬ 
workers,  “the  sandwich  structural  pattern  developed  may  he 
extended  along  the  six- fold  molecular  axis  to  form  [(B6C)M]n 
chains  (n>3)  linked  with  alkali-metal  cations  and  the 
hexagonal  B6  centered  with  C  or  N  may  be  modified  to  form 
various  heterocyclic  ligands”^50]  Similar  sandwich-type  motifs 
of  main-group  metals,  K[(q6-B6C)Ca]n(q6-B6C)K  (ft  =  1-3) 
and  [(r]6-B6C)Ca]n(r]6-B6C)2_  (ft  =  1,2),  were  predicted  in  2007 
by  Li  and  co-workers.1 [77] 

However,  Li  and  co-workers’  transition-metal  (Fe,  Co,  Ni) 
sandwich-type  complexes  may  be  difficult  to  prepare,  since 
the  configuration  with  two  fused  B6X  (X  =  C,  B,  N)  units  is 
energetically  much  lower  than  that  of  sandwich-type  com¬ 
plexes.  For  example,  the  energy  of  the  fusion  isomer  of 
(B6N)2Fe  is  much  lower  than  that  of  the  sandwich-like  form 
by  183.9  kcalmoL1  at  the  B3LYP/6-311  +  G(d) +  ZPVE 
level. [151]  Thus  the  “homo-decked  sandwich”  compounds 


Figure  59.  Sandwich-like  structures  based  on  planar  hypercoordinate 
units  a)  CB62_,  b)  NB6",  and  c)  B82_. 


IV  V  VI 

s-s  *-c  c-< 

(0.90)  (0,90)  (0.90) 

Scheme  9.  Six  types  of  deck-metal-deck  [DMDp-  sandwiches.  Lowest 
energy  states  are  found  for  rotations  of  0°  and  90°.[148d]  (Reprinted  with 
permission  from  Ref.  [148d],  Copyright  2007  Wiley-VCH.) 

Using  the  newly  proposed  “hetero-decked  sandwich” 
scheme,  Yang  and  Ding  successfully  assembled  and  stabilized 
computationally  a  series  of  planar  motif  bricks  (CA142~,[146] 
CALf  ,[148f]  CAl3Si,[148b]  CAI3SL  ,[148e]  CB62",[148g]  CSi2Ga2,[148i] 
CAl2Si2,[152]  A14N-  B62-,t1481]  B3-  ,[148m]  Al42-,[148d] 

SiAl3-,[148k]  Al3",[148a]  Ga3"),[148h]  into  “hetero-decked  sand¬ 
wich”  compounds  (see  Figure  60).  We  consider  the  “hetero- 
decked  sandwich”  scheme  to  be  a  promising  direction  for  the 
assembly  and  stabilization  of  planar  units  in  the  future. 
Interestingly,  we  found  that  the  side  (s)  interaction  of  ptC 
units  in  both  “homo-decked  sandwich”  and  “hetero-decked 
sandwich”  complexes  is  more  stable  than  that  of  face  (f) 
interaction.  This  is  in  sharp  contrast  to  the  traditional  “homo¬ 
decked  sandwich”  compounds,  such  as  [Fe(C5H5)2]  and 
[Cr(C6H6)2]  (Figure  60),  where  the  face  (f)  interaction  is 
dominant  and  more  important  than  side  (s)  or  corner  (c) 
interactions. 

Recently,  there  has  been  growing  interest  in  nanoscale 
materials  and  2D  sheets  containing  planar  tetracoordinate 
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Fe(C5H5)2  Cr(C6H6)2 
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Figure  60.  Traditional  “homo-decked  sandwich”  compounds  (a),  calcu¬ 
lated  “homo-decked  sandwich”  complexes  M(CAI4)2q“  (b),  “hetero- 
decked  sandwich”  complexes  [CpM(CAl4)]<?“  (c),  and  extended  “hetero- 
decked  sandwich”  complexes  CpM(CAI4)MCp  (d).[146] 


motifs  (Figure  61).  In  2008,  A1504“  with  a  highly  symmetric 
( D4h )  planar  ring  structure  was  proposed  to  be  a  superatom, 
using  A1504M  (M  =  Li,  Na,  K,  etc.)  as  building  blocks,  new 
ID,  2D,  and  3D  extended  networks  featuring  both  planar 
tetracoordinate  aluminum  (ptAl)  and  planar  tetracoordi- 
nated  oxygen  (ptO)  (61a)  were  designed. [153]  Liu  and  Jalbout 
predicted  that  ptSi  can  reside  in  C58Si  (61b).[154] 

Theoretical  calculations  showed  that  ptC  elements  can  be 
found  in  B2C  graphene,  nanotubes,  and  nanoribbons  (61c).[155] 
They  can  also  be  observed  in  edge-decorated  zigzag  graphene 
nanoribbons  (61d),[156]  and  at  graphene  nanoribbon  edges. 
ptC  strips  can  also  be  formed  by  beryllium  and  boron 
decoration.[157]  Multi-ptC  motifs  can  be  formed  in  tri-wing 
graphene  nano-paddle-wheels. [158]  Remarkably,  ptC  and  ptSi 
coexist  in  edge-decorated  SiC  nanoribbons. [159]  Zigzag  boron- 
carbon  nanotubes  featuring  quasi-ptC  (61e)[160]  and  SiC2 
silagraphene  featuring  ptSi  (61  f)  were  also  predicted. [161]  In 
2011,  Luo,  Xiang,  and  co-workers[162]  predicted  B-rich  2D 
boron-carbon  compounds  featuring  ptC  motifs.  More 
recently,  Chen,  and  co-workers[163]  predicted  C12B68  fullerenes 
with  quasi-ptC  configurations. 

Li,  Chen  and  co-workers[164]  predicted  a  Be2C  monolayer 
featuring  quasi-planar  hexacoordinate  carbon,  a  concept 
originally  proposed  by  Exner  and  Schleyer.[51a]  This  is  the 
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Figure  61.  Calculated  planar  tetragonal  motifs  in  nanostructures  and  nanosheets:  a)  AI504Cu, 1,531  b)  C58Si, 11541  c)  B2C  graphene,  nanotubes,  and 
nanoribbons,11551  d)  zigzag  graphene  nanoribbon  (n-ZGNRs), 11561  e)  zigzag  boron-carbon  nanotubes  (BCNT),11601  f)  SiC2  silagraphene  and  its  one¬ 
dimensional  derivatives,11611  g)  Cu2Si  monolayer  featuring  phSi  and  phCu.11671  (Reprinted  with  permission  from  Ref.  [153],  Copyright  2008  American 
Chemical  Society;  Ref.  [154],  Copyright  2008  Elsevier;  Ref.  [155],  Copyright  2009  American  Chemical  Society;  Ref.  [156],  Copyright  2010  American 
Chemical  Society;  Ref.  [160],  Copyright  2008  American  Chemical  Society;  Ref.  [161],  Copyright  201 1  American  Chemical  Society;  Ref.  [167], 
Copyright  2015  American  Chemical  Society). 
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first  report  involving  extended  structures  containing  quasi- 
phC  motifs.  Zeng  and  co-workers[165]  have  reported  other 
inorganic  materials,  namely  A1C,  A12C,  and  A13C  monolayers 
featuring  planar  tetracoordinate  carbon.  Independently,  the 
A12C  monolayer  and  nanoribbons  were  also  predicted  by  Li, 
Chen,  and  co-workers. [166]  Quite  recently,  Yang  and  co- 
workers^  reported  the  first  global  minimum  Cu2Si  mono- 
layer  featuring  planar  hexacoordinate  silicon  (phSi)  and 
planar  hexacoordinate  copper  (phCu).  Notably,  the  mono- 
layer  structures  are  global  minima  on  the  2D  potential 
surface,  which  make  these  novel  structures  promising  for 
experimental  realization. 

8.  Experimental  Realization  of  Planar  Motifs 

It  is  a  great  challenge  to  synthesize  compounds  containing 
planar  tetracoordinate  carbon  that  are  stable  enough  to  be 
isolated,  investigated,  and  handled  under  ambient  conditions. 
There  have  therefore  been  many  attempts  to  construct 
hydrocarbon  frameworks  that  can  incorporate  and  stabilize 
tetravalent  carbon  in  this  unstable  planar  coordination 
geometry.  Many  experimental  chemists  have  explored  possi¬ 
ble  planar  motif  compounds  since  Hoffmann  and  co-work¬ 
ers^  proposed  the  ptC  concept  in  1970.  A  number  of 
compounds  stable  at  room  temperature  have  been  isolated 
and  characterized.  These  compounds  feature  electronically 
stabilized  planar  tetracoordinate  atoms  within  an  organome- 
tallic  framework. [12b] 

The  divanadium  complex  lb,  the  first  compound  featuring 
a  ptC  motif,  was  prepared  experimentally  by  Cotton  and 
Millar [11]  in  1977.  In  the  divanadium  complex,  the  planar 
configuration  exists  because  of  a  multicenter  bond  formed  by 
the  carbon  sp2  orbital  of  the  phenyl  anion,  similar  to  the 
binding  in  the  C2v  form  of  methane.  The  structurally  related 
dizirconocene  complex  62  reported  by 
Buchwald  and  co-workers[168]  in  1989 
has  the  same  stabilization  scheme  for 
the  ptC  (Figure  62). 

In  1989,  Cayton  and  co-work- 
ers[169]  reported  the  ditungsten  allene 
complex  63  in  which  the  central 
carbon  atom  of  the  allene  has  the 
coordination  characteristics  of  a  ptC 
(Figure  63).  The  bonding  of  the  allene 
to  the  W2  unit  is  unique.  In  the  angled 
C3  ligand,  three  2p  orbitals  form 
bonding,  nonbonding,  and  antibond¬ 
ing  combinations,  and  the  central 
carbon  atom  has  an  empty  p  orbital 
orthogonal  to  the  three  2p  combina¬ 
tions.  The  allene  functions  as  a  4e  donor,  and  one  of  the  W2  p 
bonds  interacts  with  the  empty  2p  orbital  of  the  ptC. 

Many  ptC-containing  organometallic  compounds  were 
reported  in  the  1990s.  Herein,  we  pay  special  attention  to 
Erker’s  group,  which  was  the  major  contributor  to  the  ptC- 
organometallic  chemistry  in  this  period.  During  the  1990s, 
remarkably,  Erker  and  co-workers[12b]  synthesized  more  than 
50  organometallic  compounds  featuring  ptC  elements.  Some 


OR  OR 


Figure  63.  Ditungsten  allene  complex  with  planar  tetracoordinate 
carbon'169] 


of  these  materials  were  also  studied  by  X-ray  diffraction. 
These  experimental  results  confirmed  the  theoretical  predic¬ 
tions  for  ptCs  and  greatly  expanded  the  number  of  ptC 
materials  that  had  been  prepared. 

The  prototypical  ptC  containing  dicobalt  complex  64 
belongs  to  an  extensive  set  of  dinuclear  complexes  in  which 
ptC  atoms  are  linked  to  transition  (or  non-transition)  metal 
atoms  Figure  64.[170]  Many  examples  of  these  complexes  exist 
with  structures  similar  to  compounds  62-64.  Details  of  the 
synthesis  methods  can  be  found  in  the  literature. [12b,e] 


organometallic  complex;'1701  Right:  3D  representation  of  another  ptC 
molecule  from  Erker’s  group. [12b]  (Reprinted  with  permission  from 
Ref.  [1  70],  Copyright  1997  Wiley-VCH.) 


Gas-phase  experimental  observations  were  already  cov¬ 
ered  in  earlier  Sections  of  this  Review.  Thus  we  will  only 
mention  that  many  small  gas-phase  clusters  with  planar  motifs 
were  observed  by  the  Wang  and  Boldyrev  groups  between 
2001  and  2014.[24g’87a’b’145] 

In  2003,  Messerle  and  co-workers[171]  synthesized  a  dinu¬ 
clear  propynylidene  complex  65  a  arising  from  double  C— H 
activation  of  an  allene  ligand.  This  complex  featured  a  ptC 
motif  and  unusual  bonding  (Figure  65  b). 


Figure  65.  Organometallic  propynylidene  complex  containing  the  ptC 
configuration.'1711  (Reprinted  with  permission  from  Ref.  [171],  Copyright 
2003  American  Chemical  Society.) 


CH3 


Cp2Zr - - ZrCp2 


MeO 


OMe 


Figure  62.  Dizircono¬ 
cene  complex  featuring 
planar  tetracoordinate 
carbon.'1681  (Reprinted 
with  permission  from 
Ref.  [1 68],  Copyright 
1989  American  Chemi¬ 
cal  Society.) 
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Some  planar  motifs  with  metal  centers  have  been 
synthesized.  A  typical  example  is  planar  tetracoordinate 
nickel  (ptNi;  66,  Figure  66).[m]  In  2008,  Li  et  al.[172]  reported 
the  synthesis  and  characterization  of  a  slightly  distorted 
square-planar  nickel  compound  [2-C(H)NDippC6H4NH]2Ni 
(Dipp  =  2,6-/Pr2C6H3)  containing  a  ptNi  (66).  Note  that  Ni11 
has  mostly  planar  tetracoordinate  structure,  which  also  holds 
true  for  Pd11  and  Ptn. 


Many  of  the  reported  ptC-based  organometallic  com¬ 
pounds  can  be  abstracted  into  small  models,  as  Siebert  and 
Gunale  summarized  in  1999  (see  Scheme  10).[12e]  These 
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Figure  66.  Experimentally  synthesized  planar  tetracoordinate  nickel 
complex.[172]  (Reprinted  with  permission  from  Ref.  [172],  Copyright 
2008  American  Chemical  Society.) 

In  2010,  Cooper  and  co-workers[173]  synthesized  a  mono¬ 
meric  dilithio  methandiide  (67)  with  a  distorted  trans- planar 
four-coordinate  carbon  (Figure  67).  The  properties  of  this 
material  were  studied  using  X-ray  diffraction  as  well  as 
quantum  chemistry  calculations. 


Figure  6y.  A  distorted  trans-planar  four-coordinate  carbon  found  in 
a  monomeric  dilithio  methandiide. [173]  C  black,  P  blue,  N  ight  blue, 
Li  red,  (Reprinted  with  permission  from  Ref.  [173],  Copyright  2010 
Wiley-VCH.) 


MJ''0  L1 

in 

Scheme  io.  Organometallic  compounds  featuring  ptC  motifs  with 
metal  atoms  M1  and  M2  and  ligands  L1  and  L2.[12e]  (Reprinted  with 
permission  from  Ref.  [12e],  Copyright  1999  The  Royal  Society  of 
Chemistry.) 

models  are  reminiscent  of  Hoffmann’s  planar  methane 
model.  In  these  cases,  metals  (including  transition  metals)  as 
ligands  provide  o-donating  bonds  and  Jt-accepting  properties 
for  back-bonding  from  the  filled  2p  lone  pair  at  the  central 
carbon  atom.  The  ligands  are  preferentially  bonded  to  each 
other,  forming  a  perimeter. 

Up  till  now,  our  discussion  of  the  experimental  synthesis 
of  planar  motifs  has  mainly  focused  on  dinuclear  complexes  in 
organometallic  chemistry  because  transition  metals  are 
favored  ligands  to  stabilize  planar  configurations.  Moreover, 
the  synergistic  combination  of  the  properties  of  both  metal 
atoms  is  very  useful  in  the  synthesis  of  ptC  species. 

Now  we  will  discuss  the  experimental  progress  on  non¬ 
carbon  planar  motifs.  For  example,  the  pentaatomic  planar 
motifs  of  heavier  Group  IV  elements,  silicon  and  germanium, 
XA140,_,  X  =  Si/Ge  (4q,r)  were  detected  and  characterized  by 
a  joint  photoelectron  spectroscopy  and  high-level  ab  initio 
study  in  2000.[24c]  Considering  second-row  elements,  planar 
boron  motifs  have  been  detected  in  a  series  of  small  pure 
boron  clusters  (at  least  up  to  24  atoms)  by  a  joint  photo¬ 
electron  spectroscopy  and  high-level  ab  initio  study. [87a]  The 
planar  configuration  of  planar  tetracoordinate  aluminum  was 
also  detected  in  Al5“  (4p)  in  2000.[24b]  The  origin  of  the  planar 
nature  of  Al5~  was  ascribed  to  a  four-center  peripheral  bond. 
In  the  same  year,  Kohnlein  et  al.[174]  synthesized  a  metalloid 
Al14  cluster  with  coupled  A1A16  nanowheels  featuring  quasi- 
planar  hexacoordinate  aluminum  (phAl)  (68;  Figure  68). 

In  1992,  Schollenberger  et  al.[175]  reported  the  preparation 
of  pentagonal  planar  coordinate  indium  in  [(p5- 
In)[Mn(CO)4]5]2_  (see  Figure  69).  Planar  tetracoordinate 
nitrogen  (ptN)  has  been  detected  in  NALf  in  1999,[176]  and 
NA15“  in  2006. [28]  The  planar  configurations  of  P  and  As,  ptP 
and  ptAs  in  X[Zr(H)Cp2]4+(BPh4)  ",  (X  =  P  and  As)[132’177] 
have  also  been  synthesized  (Figure  53  b). 

In  2011,  Zhang  and  co-workers[178]  synthesized  a  tetracop- 
per  cluster-based  coordination  polymer  and  confirmed  its 
crystal  structure  featuring  a  perfectly  square-planar  tetra- 
coordinated  oxygen  atom  (Figure  48).  Earlier  observations  of 
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Figure  68.  Planar  hexacoordinate  aluminum  in  a  metalloid  Al14  cluster 
with  coupled  AIAI6  nanowheels. [174]  AIAI6  is  in  blue  (Reprinted  with 
permission  from  Ref.  [174],  Copyright  2000  Wiley-VCH.) 


Figure  69.  Molecular  structure  of  [(g5-ln)[Mn(CO)4]5]2  featuring 
planar  pentacoordinate  indium  motif.[175] 


ptO  include  [Cu4H40]2+  in  2004,[179]  and  A140  in  1991.[1801  ptO 
in  a  bulk  solid  structure  was  predicted  in  2008.[1531 

The  planar  configuration  of  sulfur  was  synthesized  earlier 
than  that  of  ptO.  In  1996,  Muller  and  Henkel[123]  reported  the 
synthesis  of  [Ni5S(S/Bu)5]_,  featuring  a  planar  pentacoordi¬ 
nate  sulfur  motif  (see  Figure  49).  This  unprecedented  penta- 
nuclear  sulfide  thiolate  cluster  anion  has  a  five-fold  symmetry 
and  contains  a  regularly  shaped  pentagonal  nickel  frame 
capped  by  a  ^-sulfide  ion. 

Several  planar  tetracoordinate  structures  have  been 
observed  in  transition  metals.  In  1997,  Ruck[181]  prepared 
the  planar  pentacoordinate  rhodium  in  Bi7RhBr8  (70; 
Figure  70).  In  2003,  Tanaka,  Lievens,  and  co-workers [133] 
probed  the  planar  motifs  in  the  binary  alloy  ZnAu5*  (54) 
using  mass  spectroscopy.  In  2005,  Wang,  and  co-workers[137] 
detected  planar  hexacoordinate  transition  metal  (Ti,  V,  Cr) 
centers  in  M@Au6“  (M  =  Ti,  V,  Cr)  (55)  using  photoelectron 
spectroscopy.  Additionally,  Kohler[182]  reported  a  new  mate¬ 
rial,  SrFe02,  in  which  a  high-spin  Fe2+  exhibits  a  square- 
planar  coordination. 

In  summary,  the  organometallic  compounds  (especially, 
complexed  arenes,  allenes,  and  olefins)  and  related  species 
are  the  major  categories  for  experimental  synthesis  in  the 
field  of  planar  hypercoordinate  chemistry.  These  achieve¬ 
ments  form  a  solid  basis  for  the  future  development  of  planar 
hypercoordinate  chemistry. 


Figure  yo.  Molecular  structure  of  Bi7RhBr8  features  planar  pentacoordi¬ 
nate  rhodium  motif.[181]  Bi  black,  Rh  gray,  Br  light  gray  (Reprinted  with 
permission  from  Ref.  [181],  Copyright  1997  Wiley-VCH.) 

What  are  the  potential  applications  of  planar  hyper¬ 
coordinate  molecules?  To  date,  little  is  known  about  this 
possibility.  We  hope  that  further  research  will  explore 
whether  these  unusual  materials  can  have  unique  catalytic 
functionality  or  exotic  chemical  reactivity,  or  can  be  used  in 
photoelectronics.  Accordingly,  recent  theoretical  studies  have 
identified  several  promising  applications.  For  example,  a  2D 
B2C  monolayer  including  ptC  elements  is  a  promising  super¬ 
conductor  with  an  estimated  transition  temperature  of 
19.2  K.[183]  a  Be2C  monolayer[164]  featuring  quasi-planar  hex¬ 
acoordinate  carbon,  and  a  A12C  monolayer[165-166]  containing 
ptCs  are  both  semiconducting  with  a  moderate  band  gap,  and 
thus  are  promising  for  potential  applications  in  electronics, 
optoelectronics  and  photovoltaics.  Furthermore,  the  recently 
predicted  highly  stable  metallic  Cu2Si  monolayer, [167]  with 
exact  planar  hexacoordinate  silicon  and  planar  hexacoordi¬ 
nate  copper,  might  be  used  as  a  superthin  electrode  in  future 
nanoelectronics. 


9.  Conclusion 

After  200  years  of  organic  chemistry,  more  than  14000000 
carbon  compounds  with  traditional  sp,  sp2,  and  sp3  hybrid¬ 
ization  have  been  synthesized.  Even  the  fundamental  and 
most  widely  held  structural  rules  of  chemistry  are  violated  by 
the  planar  hypercoordinate  species  described  in  this  Review. 
Van’t  Hoff  and  Le  Bel’s  tetrahedral  carbon  model  went 
unchallenged  for  a  century  until  the  first  planar  arrangements 
of  four  (or  more)  substituents  were  predicted  computation¬ 
ally  and  realized  experimentally.  Strain  (e.g. ,  small  rings)  and 
electronic  (e.g. ,  multicenter  bonding)  strategies,  especially  in 
combination,  can  overcome  the  much  higher  energies  nor¬ 
mally  associated  with  these  increasingly  recognized  planar 
arrangements.  Such  structures  may  have  various  main-group 
element  and  transition-metal  centers  in  up  to  ten-membered 
ring  perimeters.  The  seemingly  unlikely  planar  hypercoordi¬ 
nate  carbon  compounds  are  now  well  established.  As  clusters, 
nano  sheets,  and  bulk  solids  are  also  included,  these  unusual 
materials  offer  novel  properties  and  have  opened  new 
research  fields. 
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